Resin Concrete. by Towler, Robert Jack.
Thesis submitted for the degree of M.Phil. 
in the
Faculty of Engineering of the University of Surrey
RESIN CONCRETE
by
ROBERT JACK TOWLER 
C.Eng,, F.I.Struct.E., M.Soc.C.E. (France), M.Weld,I,
April 197;
5 1
ProQ uest Number: 27750227
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent on the quality of the copy submitted.
in the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27750227
Published by ProQuest LLC (2019). Copyright of the Dissertation is held by the Author.
Ail Rights Reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346
ABSTRACT
Thermo-setting resins such as polyesters and epoxies possess 
characteristics which make them suitable for use in the construction 
industry. Generally speaking, advantage has been taken of their unique 
physical properties only for repair works, jointing purposes and for use 
as adhesives.
A disadvantage associated with resin compositions is their low 
modulus of elasticity and the principal object of this investigation 
was to attempt to improve the elastic properties of a thermo-setting 
resin by the addition of fillers and by the use of fibre reinforcement.
If this could be achieved and, simultaneously, produce a material having 
a compressive strength at least equal to that of Portland cement concrete 
but with improved flexural strength so that steel reinforcement could be 
omitted, such a material could be a useful addition to those already 
used for construction purposes.
In the preliminary stages of the investigation, efforts were made 
to develop mixing techniques and to determine the elastic properties of 
various resin mortar mixes. Carbon and, as an alternative, asbestos 
fibres were added to these mixes to ascertain whether the elastic 
properties could be substantially improved.
In the main investigation, various mixes of resin concrete were 
considered and, for a specific mix, the optimum quantity of resin 
composition was determined in order to obtain the maximum compressive 
strength; for this particular mix, tests were carried out to ascertain 
the flexural strength, modulus of elasticity and, as a supplementary 
study, the curing period before full strength was developed. Tests 
were also made on this mix to examine the creep characteristics.
Finally, a re-examination of the results for specific mixes in
terms of the elastic properties and volumetric fractions of the
constituent materials suggests that the modulus of elasticity of resin
' ' 
concrete can be predicted but, for confirmation, more extensive studies
are necessary.
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Introduction
Resin concrete may be defined as a concrete in which resin, rather 
than Portland cement, is used as the binder. The resin serves the same 
function as the paste in Portland cement concrete, initially providing 
a fluid medium around the aggregate particles so that the mix may be 
compacted and, finally, determining to a great extent the properties of 
the hardened material. Various types of resin have been used but so far 
the main emphasis has been placed on the use of epoxy and polyester resins.
1.1 Nature of Resins
The chemistry of resins is extremely complex and engineers must 
necessarily rely heavily on the knowledge and experience of the suppliers 
in selecting the most appropriate formulations for a particular application.
Epoxy resin is a general terra which describes a family of chemicals 
containing an epoxide ring of the form
— 0 ^ » -  
I I
H H
( 1 )The position of the oxygen atom in the molecular structure 
explains the derivation of the term epoxy from the Greek work 'epi*, 
meaning ’upon* or ’over’, the oxygen atom thus forming a bridge across 
two carbon atoms of a chain. Chemically speaking, the epoxide rings 
are under great strain and will spring open, with only slight provocation, 
to react with a variety of compounds such as amines, acids, phenols, 
alcohols and thiols. The commercially important epoxy resins are made 
from petroleum derivatives.
Esters are compounds formed by the combination of an acid with 
alcohol, the water produced during the reaction being removed. When 
special types of alcohol such as glycols and dibasic acids are used, 
the reaction can produce many esters and hence the derivation of the 
term polyester from the Greek work 'poly* meaning 'many'.
In general, epoxy formulations are marketed as two component
- 12 -
generally I
systems, the resin and the hardener, but polyestersVrequire a third 
component to accelerate the curing process.
Both epoxies and polyesters are thermosetting resins i.e. they 
set with the application of heat but will not return to the plastic state 
when re-heated. According to the hardener used, however, resins can be 
caused to set at room temperature (or lower, if required) and the setting 
time can be controlled.
Epoxies are more expensive than polyesters but provide greater
( 2 )
versatility, greater chemical resistance and lower shrinkage.
Furthermore epoxy resins have been found to be completely compatible
with Portland cement but there is doubt whether the same can be said of
( 3 )polyesters because of the alkaline nature of cement . A general 
comparison of their strength and elastic properties is given in the table 
shown on the following page, the information relating to epoxy resins 
covering both general purpose resins and resins modified so as to provide 
greater flexibility.
In the following investigation, normal concrete technology 
procedures have been followed but initially polyester resin and later 
on epoxy resin compositions have been used as the binder content in 
lieu of Portland cement paste in mortar and concrete resins.
- 13 -
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CHAPTER 2
Survey of Published Works
Epoxy resins were first synthesised in the late 1930s  ^ \ and 
first used commercially at that time by I.G. Farbenindustrie. In 
1939 a German patent describes liquid polypoxides which can be hardened 
by a variety of methods. Because of the war, there were no corresponding 
patents elsewhere and in the United States of America the earliest 
disclosure was a 19^3 patent by the Swiss inventor P. Casten, subsequently 
developed by the Cibor Company and covering the curing of phenolic epoxide 
resins with dibasic acids.
Epoxy resins were first commercially introduced in the U.S.A. about 
( 1 )
1949 and were clearly recognised as possessing a unique combination
of properties in the field of plastics. Their outstanding properties 
were first utilised by the paint industry as heavy-duty industrial 
maintenance paints and, soon after, by the aircraft industry as structural 
adhesives.
About 1955» epoxies found their way into the road and construction 
fields. The epoxy resin compounds used in this work are composed of two 
liquid components. The basic ingredient of one component is the epoxy 
resin itself, whilst the basic ingredient of the other is the hardening 
or curing agent. Each component is individually stable
although, as will be seen later in this thesis, the hardener can deteriorate 
if exposed to the atmosphere for lengthy periods. Once mixed in a 
predetermined ratio, a chemical reaction begins which converts the 
system to a tough plastic solid in a relatively short space of time at 
room temperature. For all practical purposes, once the system hardens 
it will not melt or flow.
It is important to remember that the basic epoxy resin, as supplied 
by the manufacturer, when combined with the pure hardening agent, has 
only limited use as a finished product. In the majority of cases the 
resin and hardener compound is not delivered directly to the user, but 
first has to be blended, modified or compounded with flexibilisers, 
extenders or diluents to create a useful and valuable product designed 
to meet a specific requirement.
- 15 -
Some of the more prominent developments which have been used fairly 
extensively on American highways include
(a) skid resistant protective coatings.
(b) waterproofing membranes.
(c) patching compounds.
(d) crack and joint sealers.
(e) bonding agents for new to old concrete.
(f) general purpose adhesives for bonding precast kurbs, dowels etc.
(g) paints for industrial use.
These variety of uses and requirements clearly indicate that no single 
commercially available product could be compounded to perform all of 
these tasks; hence the term epoxy resin should never call to mind only 
one product. On the contrary, the versatility of these resins, especially 
with regard to compounding techniques, allows manufacturers to produce 
many products having an extremely wide range of properties. Consequently, 
because a particular epoxy resin fails to perform satisfactorily, it 
does not mean that other epoxy resins cannot be compounded to serve the 
required purpose.
In recent years research work has been carried out in the field 
of resin concrete and short term tests have shown excellent compressive, 
tensile and flexural properties and there is little doubt that these 
properties might be fully utilised were it not for the high price of the 
resin. Additional to cost considerations, the low modulus of elasticity 
presents a problem where the structural use of resins in concerned.
In order to reduce the overall cost of a resin concrete it is 
logical to confine its use to those parts where its superior tensile 
capacity may be required, while Portland cement would be perfectly 
adequate for those parts of the structure in compression
(5)The following table gives an interesting comparison between 
certain characteristics of Portland cement concrete and epoxy resin 
compositions although certain comments made regarding Portland cement 
concrete are generalised - especially perhaps the view taken that this 
material is "completely stable under heat".
- 16 -
TABLE ?
PORl’LAND CEMENT CONCRETE EPOXY RESIN COMPOSITIONS
Completely stable under heat and 
relatively flame stable
Breaks down under excessive heat
and/or flame. Properties poor
o 1 over about 100 C
Attacked by both acids and 
alkalis, solvent resistant
Inert to everything but very 
strong acids and a few solvents 
at elevated temperatures
Bond to metals inconsistent; 
poor bond to cured, old concrete
Adheres to masonry materials, 
glass, metals and most plastics
With normal cement, requires at 
least seven day's cure before use
At most, 24 hours before use 
with rare exceptions
Low initial cost. Primary 
construction material
Relatively high initial cost. 
Repair and restoration materials
Narrow range of working 
characteristics
Working characteristics can be 
varied over wide range i.e. brush 
spray, trowel or pneumatically 
applied
Cure can be accelerated by heat 
but requires moisture
Cure accelerated by heat alone
Breaks down after excessive 
freeze-thaw cycle
Unaffected by freeze-thaw cycle
Not sound and bounce absorbent Relatively sound and bounce 
absorbent
Often porous and retains moisture Water absorption very low
The physical properties of epoxy compositions are such that a 
compressive strength of 140 MN/m^ (20,000 lbf/in ) to 3^0 MN/m 
(45,000 lbf/in^) and a tensile strength of 45 MN/m^ (6,500 Ibf/in^) to 
75 M / n r  (11,000 Ibf/in^) can be obtained without difficulty. Probably 
the greatest disadvantage, so far as the structural use of epoxy resins 
is concerned is their low modulus of elasticity which seldom rises 
above 12 MN/m (1.7 x 10 Ibf/in ).
2.1 Fillers and Reinforcements
Although the terms Fillers and Reinforcements usually have 
different connotations, it is probably true to say that fillers, which
- 17 -
are generally of a non-fibrous nature, when properly applied can be
considered as reinforcements in the true sense of giving a composite
material specific improvements in properties over unreinforced resin 
( 6 )
• Because fillers often cost much less than the resin, they are 
frequently mistakenly considered merely as extenders. In fact, fillers 
are functional materials which, apart from economic considerations, 
can make specific contributions to the qualities of the final product 
required.
Many reinforcements for plastics are fibrous in nature and the best 
known is probably glass fibre which is available in a number of different 
forms including woven cloth, mats composed of chopped glass strands, 
single or multi-filaments for unidirectional reinforcement and chopped 
short strands which are often used for injection moulding thermoplastic 
compositions.
Other materials used as fillers and reinforcements include wood 
flour, cotton, asbestos, china clay, metals and carbon materials. The 
development of carbon fibres, having five times the stiffness of glass 
fibres and twice the strength of high tensile steel, by the Royal 
Aircraft Establishment, Farnborough in conjunction with Rolls Royce, 
Courtalds and the Morgan Crucible Company, is considered to be one of 
the biggest break-throughs in reinforcement yet made.
The table on the following page, based on an extract from
( 7 )information given in reference , shows the physical properties of 
carbon fibres compared with those of other reinforcement materials in 
filament form.
2.2 Thermosetting resins as bonding agents
e j  ■ ■
The two main classes used as adhesives or bonding agents are epoxÿû-, 
( 2 )
and polyester/ resins • The physical properties of these types of
resin are such that, provided they are applied properly, their bond to
concrete for example is higher than the tensile strength of the concrete
itself. A dramatic illustration that a resin bonding agent is stronger
( 8 )than the material being bonded, took place in a laboratory where
several 152 x 152 x 76O mm (6" x 6" x 30") concrete beams were broken 
in flexure. After breaking, the two pieces of each beam were bonded 
together with an epoxy-thiokol resin composition end allowed to cure 
for 7 days at temperatures not less than 20°C. The repaired beams were 
again subjected to flexure loading and breaks occurred in sections other
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than at the bonded joints.
In the same laboratory tests were also carried out on similar 
beams to those described above but this time one end of each broken 
beam section was coated with the resin composition and fresh concrete 
immediately cast against it. The reconstituted beams were approximately 
half old concrete and half new concrete made to the original dimensions. 
Some beams were cured in a saturated moist room and others in the open 
air under wet sacking. In no case did there appear to be any shrinkage 
at the resin bonded joints. The beams were subsequently subjected to 
flexure tests and all breaks occurred in the concrete, the joints 
between the old and new concrete sections remaining intact. Such 
adhesive qualities makes it possible, therefore, to produce integral 
units from two or more bodies and to achieve the effect of continuity 
of tensile strength and other properties through bonded areas.
The ability to bond resin concrete to normal Portland cement 
concrete suggests the feasibility of forming composite elements of 
construction discussed later in this thesis.
The first known field application of resins for joining new to old
concrete was tried on 21st December, 1954 on the Yolo Causeway in Yolo
( 9 )County, California . There had been a number of failures of the 
concrete deck slab; it was believed that inadequate cover to 
reinforcement had been a contributory factor to the failures. A small 
section of the decking was removed and an epoxy resin composition 
applied to the edges of the break in the slab immediately before fresh 
concrete was placed in the patch and, after it had cured, the surface 
was asphalted.
Three months later, the asphalt surfacing was removed and the 
concrete patch examined. There was excellent bond between the new and 
old concrete and no sign of cracking or other failure was visable.
Similarly satisfactory results were obtained in May, 1955 in 
bonding new concrete to new concrete and old Concrete to old concrete 
during repairs to the Marina Viaduct, San Francisco.
At an international symposium in Paris, 196?,  ^T. 0 'Brian
surveyed the state of knowledge and experience derived from the use of 
resin adhesives as bonding agents in the construction industry. It was 
stated that long term mechanical behaviour had been relatively little
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studied and the use of resin adhesives for jointing purposes had been 
restricted to thin compression joints, where the principal function was 
that of a gap filler and stress distributor. It had been found however 
that the rate of hardening can speed up the rate of erection of pre­
cast units. General descriptions were given of the joints formed, 
mainly with epoay resin formulations, between pre-cast concrete units, 
including slender cruciform columns in Coventry Cathedral and curved 
hollow ribs forming the shells of the Sydney Opera House.
Some of the general comments made about the use of resins as 
bonding agents for the contracts described by O 'Brian are worthy of 
note :-
1. Site engineers responsible for the structures had since said 
that they would not have made the joints asE^  differently 
another time.
2. Bad joints can look good and thus they are difficult to detect; 
it is essential, therefore, to set out procedures for site 
supervision such that bad joints are unlikely to occur.
3- Handling of surfaces to be bonded can occur unnoticed; the 
effect of a small amount of grease from handling is unknown.
4. The degree of care required for the successful use of resin
formulations is higher than that for standard building practices.
Specially trained personnel are required for the use of resins
'
on construction sites as there is considerable danger that 
malpractices would be undetected.
5. Account must be taken of the fact that joints made between 
pre-cast concrete units with resin adhesives are more rigid 
than cement mortar joints. Attempts to readjust alignments 
after the resin has gelled can lead to cracking of units, 
instead of minor cracking of mortar.
A paper presented to a Conference on Plastics in Building Structures,
(11 )
June, 1965 by J.H. Golding describes various tests dealing with the
use of epoxy resin adhesives for bonding concrete. The paper included 
information concerning the chemical resistance of epoxy resin coatings 
to mild steel. The results of the various tests described were generally 
satisfactory but the author rightly advises that, in order to fully 
utilise the potential of epoxy resins, further research into all the
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parameters of bonding concrete must be undertaken. It is true that this 
paper was written seven years ago but the advice still applies today.
(12)In a paper entitled Glued Joints for Structural Concrete ,
R. Paul Johnson reported the results of tests carried out to determine the 
strength and creep characteristics of a number of lap joints between 
concrete surfaces, where these joints were made with 'Araldite' epoxy 
resin manufactured by CIBA (ARL) Limited. Johnson concluded that epoxy 
resin joints between concrete surfaces, on which the aggregate has been 
exposed, can be made with a short term strength which exceeds that of an 
equal area of concrete and that this was probably true for all types of 
stresses. However, it was found that the creep or flow of the resin glue 
was very large compared with that of concrete, both in compression and 
shear, and might lead to a failure in the joint under sustained load.
It was pointed out that the excessive creep was a characteristic 
of the resin and not of the resin/concrete joint and that "it should be 
possible in particular cases to obtain information from the manufacturer". 
This statement bears out what has been said elsewhere in this thesis, 
that one must obtain the correct formulation of epoxy resin for the job 
required. Johnson found that the resin he used had excessive creep 
characteristics but in Chapter 7 of the present investigation, it will 
be observed that with ’Epikote* 828 epoxy resin and ’Epikure' 112 
hardener added to the specific mix considered, the creep was very low. It 
must be emphasised, however, that this relates to tests on a mix designed 
specifically for optimum strength and elastic properties.
Tests to investigate the shear strength of thin epoxy resin joints
between pre-cast concrete units were carried out by the Cement and
Concrete Association in connection with the building of Sydney National
(13)Opera House and the results reported by G.B. Base are worth
recording.
A number of short concrete beams, each consisting of three concrete 
blocks glued together with thin films of an epoxy resin composition, were 
tested to determine whether the shear strength of the joints was adequate. 
The main variables were the method of preparing the contact surfaces, 
the method of applying the resin and the pressure applied through the 
joints during curing and testing.
Results of these tests indicated that apparently no failures were 
initiated by the resin joint.
In specimens on which mould oil had been used, the failure was
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generally in the film of concrete adjacent tè the resin and was thought 
to be due to impregnation by the oil or the method adopted for removing 
the oil.
Conclusions drawn from the tests were that the gluing together of 
matched concrete faces by the the type of epoxy resin used and applied 
by paint brush was simple and the joint produced had a strength in 
shear (and bending) which appeared to be more than sufficient for most 
purposes.
2.3  Epoxy compositions as structural repair materials
A technical report was published in August, 1959 by the United 
States Army Engineer, Waterways Experiment Station, Corps of Engineers, 
Vicksburg, Mississippi This report included exhaustive field
evaluations of various projects, where epoxy resin formulations for 
repair works had been carried out. These projects included re-surfacing 
and patching of protective concrete linings to sluices at the Pine Flat 
Dam, Sacramento, repairs to cracks in several aircraft runways in 
Detroit, grouting in of holding down bolts and re-surfacing of roads to 
give skid resistance.
In most cases results were satisfactory and it was considered that
Where indifferent results occurred these were due either to the use of
a formulation that did not have the desired characteristics or to the 
incorrect application or both.
Another interesting field operation which is worth reporting in 
some detail was that cairried out by United Airlines jet aircraft 
maintenance facility in San Francisco during November, 1958
Two areas approximately 15 x 240 m (50 x 800 ft) and 15 x 210 m
(50 X 700 ft) respectively were required to be re-surfaced 12.7 mm (-J")
thick and it was decided to use an epoxy resin formulation produced by
Shell. The mix consisted of l8l4 kg (4000 lb) of 10 mm (^") crushed 
stone aggregate, 90 kg (200 lb) of asphalt, 33 kg (72 lb) of elastizer 
additive and 22 kg (48 lb) of *Epon' epoxy resin.
The pot life of the resin was quoted by the manufacturers to be
45 minutes and the time required to deliver a batch of material from the
plaint to the site was 30 to 35 minutes. Thus the material was being 
placed at just about the time of setting and some of the difficulties 
encountered during placing were directly attributable to this fact.
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The re-surfacing lanes were 243 ra (800 ft) in length and on the 
first lane the Blaw-Knox spreader used caused considerable tearing of 
the overlay which necessitated the addition of material applied with 
shovels and hand raking. Various types of rollers were used but, after 
one or two passes, additional rolling had little visible effect on the 
overlay. It became impossible to displace the material from high to 
low spots. In all cases where the overlay immediately behind the 
spreader was smooth and no hand work was required, the rolling operations 
produced a smooth uniform surface and the general appearance of the 
overlay was good.
As the spreading machines used were working in tandem the joint 
between the first two lanes was what would be referred to as a 'hot* 
joint in asphalting. The joint appeared to be completely satisfactory. 
The 'cold* joint between the second and third lanes appeared to bond 
satisfactorily as there was no visible crack or other marked differences 
between this joint and the 'hot* joint, yet the edge of the second lane 
had not been treated with an adhesive.
Considering the long haul from the plant to the site the overall 
results were reported to be highly satisfactory.
Other examples of the use of epoxy resins for repair works to
/ /I c\
Californian hi^ways are given by Bailey Tremper and R.W. Gaul
and A.J. Apton, Adhesive Engineering Division of Hiller Aircraft 
Corporation, San Carlos, California have reported similar
applications to faulty roadways, concrete kurbs and gutters.
In all these cases of repair works satisfactory results were 
recorded.
2.4 Use of resin compositions to improve the
bond between steel reinforcement and concrete
An interesting study was made by J.A. Roberts and H.E. Vivian and 
reported in the Australian Journal of Applied Sciences in 1961 . A
number of processes were described by which steel to concrete bond could 
be improved. The procedures involved coating steel with an epoxy resin 
composition and either casting the concrete around the treated 
reinforcement before the resin had hardened and, alternatively, applying 
sand to the unhardened resin coating which was then allowed to harden 
before the concrete was cast.
The major conclusions drawn from the work were summarised as
follow»:
1. The bond between resin-treated nteel bars and concrete is 
considerably increased. The resin-coated and sanded 
treatments produced surfaces possessing a very large number 
of deformations.
2. Improved bond could be developed by all the treatment methods 
used. These involved:
(a) different techniques for applying and curing the 
resin;
(b) different types of steel that had different types 
of surface treatments;
(c) resin treatments that consisted of various epoxy 
resin compositions and
(d) the use of sands of different particle size as a 
surface treatment on the resin and the use of a 
filler in the resin together with a diluent.
3. Failure of bond on untreated steel is rapid whereas on resin- 
coated and sanded bars it was slow even at high steel stresses.
4. Slip before failure was small with untreated steel but was 
larger with treated steel due, it was thought, to the high 
friction bond.
5. Examination of bars when withdrawn from specimens revealed 
that failure occured either in the cement paste or at the steel 
to resin bond.
6. Bond determined by pull-out tests was increased by up to puuzo
at various ages up to 84 days after fabrication of specimens.
2 .5  Use of epoxy resin compositions as
shear connectors in composite T-beams
Kriegh, Nordby and Endebrock investigated the use of epoxy resin 
compositions for use as connectors in composite T-beams with
particular reference to bridge decks, as an alternative to more orthodox 
methods. The following advantages were suggested:-
1. Reduction of bridge deck cracking
The deterioration of bridge deck slabs where mechanical 
connectors have been used, may be explained in part by the
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presence of high thermal and shrinkage stresses. These stresses, 
when combined with vibration and impact stresses, may cause 
cracking which may later lead to the spelling of the bridge deck. 
In support of this theory it is reported that visible shrinkage 
cracks did not develop in the slabs of epoxy resin glued T—beams, 
whereas mechanically connected T-beams developed visible shrinkage 
cracks. This difference apparently existed because the epoxy 
compound was able to adjust during its setting process to the 
shrinkage of the concrete during its curing process. Likewise, 
the elastic properties and low modulus of elasticity of the 
Gpoxy formulation probably alleviate thermal stresses to a great 
degree by providing a membrane which can adjust between the 
slab and stem later while the beam is in service.
2. Elimination of construction hazards
Mechanical connectors, which the epoxy compositions would replace, 
are generally fixed to beams before the erection of the deck slab 
forrawork has commenced. Hence, operatives must continually face 
the hazard of tripping over the connectors. Some safety and 
ease of construction would be achieved by omitting these 
connectors from the working surfaces.
3. Provision of continuous connector
Mechanical connectors, by the very nature of the function provided, 
develop stress concentrations in a bridge deck along the points^ 
of contact. An epoxy composition used in this manner provides 
a continuous connection between the deck and beams, eliminating 
stress concentrations and resulting in more integral beam action.
4. Economy
Considering that successful application and use can be made with 
an epoxy resin composition, it is unlikely that any significant 
differences in initial construction costs would exist between 
mechanical connectors and epoxy resin gluing. Because deck
cracking is presumably a major capse of deck deterioration, 
sometimes requiring deck replacement within a few years, this 
system may provide a major economic advantage.
The authors concluded that an epoxy resin composition can serve as
?G
a reliable and safe shear connector for composite T-beams. Test results 
indicated that very successful behaviour of epoxy resin jointed T-beams 
can be expected under long term loading, either static or dynamic. The 
shear stress in the epoxy joint is a prime consideration when designing 
T-beams. Economic considerations due to minimising shrinkage cracks 
and consequent bridge deck deterioration may give it a great advantage 
over mechanical connections.
The authors end on a note of caution and rightly suggest that 
further work leading to design criteria should be carried out. The 
contention that T-beams can be designed as monolithic units without 
regard to the shear connector when the recommended epoxy compound is 
used should be further substantiated.
2.6 Resin concrete and conventional concrete composite beams
The high cost of epoxy resins leads to the conclusion that their 
use should be restricted to those elements or parts of structural elements 
where the best advantage can be taken of their unique properties.
A limited series of tests aiming at the investigation of the bending
performance of resin concrete and normal concrete composite beams were
carried out at the Tèchnion, Israel Institute of Technology by Lavie,
( 3 )
Lerchenthal and Spira .
Preliminary tests carried out with a variety of resins, including 
polyester, led to the choice of epoxy resin as the most suitable for the 
purpose of determining the fundamental structural properties of the 
concrete made with the chosen mix. It is interesting to note that 
pQ^Lyester resin was rejected because it was found to be incompatible with 
fresh cement due to the alkaline nature of the latter.
A series of beams were cast - some completely of resin concrete 
or normal concrete and others consisting of varying proportions of the 
two types of concrete. In addition to beams, other specimens were cast 
for axial tension, compression and shear tests.
The beams were simply supported and subjected to flexural tests, 
the results of which revealed that:-
(a) complete bond took place between the resin concrete and the 
cement concrete.
(b) the composite beams behaved elastically for most of the 
zero to ultimate load range.
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(o) from the practical point of view, »u<Wen failure without 
previous warning must be considered a disadvantage and an 
Increased factor of safety or other safety measures need to 
be considered.
(d) advantages of resin concrete and cement concrete composite 
beams may be described as follows:-
(i) the whole section takes part in counteracting the 
external forces.
(ii) absence of cracks.
(iii) the calculation of stresses and deflections may 
be made with a reasonable degree of accuracy.
Only limited tests were carried out to determine the elastic 
properties of the composite sections but the ability of the resin concrete 
to bond satisfactorily to the cement concrete is obviously an important 
factor if consideration is to be given to the use of resin concrete in 
tension zones and normal Portland cement concrete in compressions zones.
2.7 Properties of resin concretes and mortars
A comprehensive paper was published in I962 by Welch, Carmichael 
(19)
and Hattersley , dealing with tests on mixes containing aggregate of 
19 mm (^") maximum size and with a variety of epoxy resin binders.
Conclusions drawn from these tests included the following items:-
1. The workability of the epoxy resin concretes examined was found 
to be unlike that of Portland cement concrete, having a 
tendancy to flow as a viscous liquid. Because of this, fine 
sand and a generally fine aggregate grading were considered 
preferable to the coarser gradings of the more usual cement 
concretes. A suitable basis of proportioning appeared to be
by trial and error initially and subsequently by binder content 
per unit volume (not unlike the procedure developed in the ' Main 
Investigation* included in the present study),
2. The ultimate compressive strength of the more satisfactory
' P
resin concretes examined were of the order of 69 MN/m 
(10,000 lbf /in ), tensile strengths (using the cylinder splitting 
test) of about 10 MN/ra^  (1,500 Ibf/in^) and bond strength with 
steel approximately 8 MN/m^ (1,200 Ibf/in^).
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3- The modulus of elasticity and curing shrinkage (relative to a 
datum taken at an age of one day) were generally similar to 
those of Portland cement concrete but the thermal movement 
appeared to be significantly greater than normal concrete.
Detailed studies of the properties of resin mortars have been 
undertaken in Czechoslovakia by Bares covering various resins
(polyester, epoxy, furfurol-furfural and phenol-formaldehyde) and a 
range of values for the ratio of resin to sand (from 1:1 to 1:4o by 
weight). At a resin:sand ratio of 1:10, a value used in practice in 
Czechoslovakia, compressive strengths of 48 MN/ra^  (7,000 lbf/in^) and
P P
tensile strengths of 12 MN/m (l,750 Ibf/in") can be achieved with both 
polyester and epoxy resins. The modulus of elasticity for the polyester 
mortars was reported by Bares to be approximately 23 GN/m^ (3»35 x 10^ Ibf/in^) 
Sind l6 GN/m^ (2.3 X 10 Ibf/in^) for epoxy mortar, at the most favourable 
resin:sard ratio examined.
An interesting observation made by Bares in his report is that 
“epoxy, polyester and furfurol-furfural resins are equivalent, in 
principle, from the strength point of view" and that this fact was 
particularly clear with mixes leaner than 1:10 - a mix commonly used in 
practice in Czechoslovakia. Bares also states that "in comparison with 
Portland cement concrete the shrinkage of resin concrete is always 
greater".
Conclusions drawn from the present investigation raise doubts as
to the validity of the above statements made by Bares, particularly
where epoxy resin formulations are concerned. In the present
investigation two types of epoxy resins were used and it will be observed
that ’Epikote* l80 was found to be quite unsuitable for this study. On
the other hand tests carried out on mixes containing ’Epikote’ 828
showed this particular epoxy resin to be satisfactory in all respects.
It is possible, therefore, that the epoxy resin formulation used by Bares
had similar charcteristics to 'Epikote* l8o, in which case a leaner mix
might well have given satisfactory strength results. However, this resin
may well have had a fluidity similar to 'Epikote' l80 in which case the
shrinkage could be expected to be higher than that which would normally
be acceptable for structural work. Once again this emphasises the
#
necessity of exercising care in selecting the epoxy resin composition 
suitable for the purpose to which it is to be put.
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2.8 Heat and fire resistance of resins
Levitt reported in 1965  ^the results of tests undertaken by the
Research Committee for the Cast Stone and Cast Concrete Products Industry 
through the advice of the Joint Fire Research Organisation.
The first phase of these tests was to study the behaviour of 
various resin mortars under isothermal conditions at temperatures below 
those likely to be experienced in the furnace. The second phase was to 
study the performance of loaded resin-repaired and resin-jointed concrete 
units in a laboratory fire test with one face of the units subjected to the 
temperature requirements of BS 476 Class 1-type materials.
In the isothermal tests, firebricks bonded together with 3 mm (^") 
wide resin mortar joints were placed on racks inside an oven and the tests 
were timed for either 1 or 2 hours at 200°, 300° or 400°C from the time 
the oven reached the specific temperature. Two types of both polyester 
and epoxy resin formulations were used and two types of fillers; one 
filler was silica dust and the other was limestone dust.
For the fire tests, a furnace was used designed once again to meet 
the requirements of BS 476 and provided with a multiple gas burner having 
45 separate jets arranged so as to play flame to the soffit of the test 
specimens.
The mix design for all concrete test specimens was the same i.e. 
1:1^:3 (Portland cement : sand:10 mm (§") gravel) by weight and a W/C 
ratio of 0.4.
Reinforced concrete units 101.6 x 101.6 x 50S mm (4" x 4" x 20") 
with two 3 mm (^") mild steel bars placed at mid depth were 'accidentally* 
broken at 28 days old by loading at the mid-point over a span of 4o6 ram 
(16") and then each unit was constrained to make the crack about 0 .8 mm 
(0.03") wide. The crack was then repaired with neat resin and pointed 
up with matching resin mortar. During the fire test the units were 
supported over a 483 mm (19") span and loaded at the centre as before.
In addition to the reinforced concrete units, prestressed units 
were made from two separate 152.4 x 101.6 x 304,8 mm (6" x 4" x 12") long 
sections bonded together. The units were post-tensioned with 5 mm (0.2") 
wires. Where the units were butt-jointed, neat resin was buttered onto 
the faces and they were brought up to 1.3 mm (O.O5") apart, pre-stressing 
taking place two hours later. When 25 mm (1") wide joints were required
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the procenn whfi similar except that a matching resin mortar was pushed 
into the joints.
The main conclusions drawn from the tests were that under the 
action of heat or fire the polyester resins are superior as a class of 
resins to the epoxies. The fillers played an important role in the fire 
tests and limestone was found to be superior to silica but the filler 
had no significance in the isothermal tests.
Thus, in the isothermal tests it was found that polyester mortars could
withstand 2 hours at 200°C, 1 hour at 300°C with a ?0% loss of strength
, o '
in the following hour and only a few minutes at 400 C. The epoxy resin
omortars could only withstand 1 hour at 200 C and failed by charring and 
high transfer of heat along the joint.
Two hour fire tests on the resin repaired cracked reinforced 
concrete units, butt-jointed and 23 mm (1") wide jointed pre-stressed 
post-tensioned units, showed that, although a reasonable degree of 
resistance existed, the failure rate of the resins was about twice as 
fast as the concrete but, provided the joint is protected with a 23 mm 
(1") deep limestone/Portland cement mortar, its behaviour will be at 
least as good as the surrounding concrete.
2.9 Fibre Reinforcement
Watt and Johnson of the Royal Aircraft Establishment, Farnborough, 
described progress in the field of fibre reinforcement and assessed 
future developments in the New Scientist, 1969 ^
Akio Shindo, of the Industrial Research Institute, Osako, was the 
first to make carbon fibres from polyacrylonitrile (PAN) fibres. Watt 
and Johnson point out that the work of the Royal Aircraft Establishment, 
using the same precursor as Osako, was not prompted by Shindo *s research 
as implied by the Financial Times, 9th July, I968; their work started in 
1963 and they did not learn of Shindo's work until their own was well on 
the way.
There are two different ways of making carbon fibre; the RAE 
process, used by the British producers, said the Union Carbide method 
which is used in America. Both aim to convert an organic fibre (the 
precursor) into a carbon fibre. The two methods, similar in some respects, 
start with different precursors; the Union Carbide process is based on 
the carbonisation of various rayon fibres.
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Watt and Johnson reported that the basic principles of the RAB 
method for making carbon fibres were readily adaptable to continuous 
production of infinite lengths. At Harwell, 305 m (1,000 ft) lengths 
have been made. Rolls-Royce had in a very short time developed an 
impressive technology for their own use. Gourtaulds were offering their 
own continuous carbon fibre commercially and Morganite (Morgan Crucible 
Company) was building a continuous plant.
Boron fibres, produced in the U.S. in 1964, were the first 
really high-raodulus fibres, with a modulus of 4l4 GN/m^ (60 x 10^ Ibf/in") 
compared with glass fibre having a modulus of 69 GN/m^ (10 x 10^ Ibf/in^). 
They are almost identical to carbon fibres in modulus and strength but 
they are thicker and cannot be bent to a radius less than 6.4 ram (i").
In their report Watt and Johnson also discussed the merits of 
oxide and | alumina fibres but, on balance, they were of the opinion 
that carbon fibres were still the obvious choice for the future in 
composites with resin matrices. Ease of manufacture and relative cheap­
ness, when sufficient capacity is available, were reasons given for this 
choice. Further, that there was still considerable development potential -
the achievement of a modulus of 690 GN/m^ (100 x 10 Ibf/in ) with
P P
strengths of 6 .9 GN/m" (1 x 10 Ibf/in") seemed realistic. The future
for boron fibres was difficult to predict; they did not have the same
potential and may not be amenable to the same kind of quantity production.
Oxide fibres were unlikely to compete with carbon for resin matrices but
they would be eminently suitable for metal reinforcement in high
temperature applications. There was no doubt that considerable development
potential exists for alumina fibres but the small size of the market for
high temperature applications may hold back their development.
2.10 Carbon-fibre-reinforced plastics
( 23)
In an article written by D.G. Pearce ' , an attempt was made to 
present a realistic appraisal of carbon-fibre-reinforced plastics and 
aimed to help designers avoid pitfalls which could otherwise lead the 
material into disrepute.
Pearce emphasises the vital facts that carbon fibres are high- 
strength, low-density, elastic materials but have no plastic range. Most 
engineers would regard this latter characteristic as a weakness but it 
must be put in true perspective - they are more elastic than the best 
metals and alloys at present available.
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The use of composite materials demands a clear understanding of 
stress distribution and especially of the direction of principal stresses. 
Components with uniaxial stress patterns, e.g. tie bars, struts and 
rotary components, can be made easily and show great advantages in 
carbon-fibre-reinforced plastics. However, as soon as the component 
has stresses in two directions, e.g. thin walled pressure vessels, the 
fibres must be orientated to align with the principal stresses, and weight 
and thickness advantages of unidirectional carbon-fibre-reinforced 
plastics are thereby reduced accordingly. In short, composite materials 
demand accurate analysis of stresses and correct placing of fibres to 
carry them.
2.11 Comparison of Polyester and Epoxy resins 
(24)
Levy states that the only general difference in properties 
between epoxy and polyester resins is that the former are far more 
sensitive to changes of catalyst concentration.
Tremper on the other hand, maintains that the polyesters, in
his experience, have a serious disadvantage in that they tend to 
saponify in the presence of alkaline solutions such as are developed in 
fresh concrete.
Although polyester resins are cheaper than epoxy resins they are
( P )
purported to have less chemical resistances. Kuenning reports that
they are sensitive to water and sometimes fail to cure in the presence of
only traces of moisture. Yet Lilley reported "Estercrete",
(manufactured by the Blue Circle Group of Companies in association with
British Resin Products Limited) which is a solution of polyester resin
in styrene in which is dispersed a special Portland cement, as having
most of the favourable characteristics of the epoxy resins and, unlike
the latter, can be laid on a damp or newly laid concrete base. This
material is also discussed in the January I968 issue of "Concrete"land l.n___
reference 26
The choice is obviously a controversial one but, on balance, it does 
seem, that the versatility ol epoxy resins is such that, apart from cost 
considerations, they are favoured in preference to polyester resins.
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CHAPTER 3
Scope of the Investigation
Mention has been made of the fact that the practical applications 
of resin composites in the construction industry have been limited 
mainly to use as adhesives, jointing compounds, repair works and as 
structural plastics reinforced with glass fibre. Many of these 
functions are direct replacements of those performed by Portland cement 
paste or mortar. However, the principal advantages of Portland cement 
are found when it is used in conjunction with a high proportion of 
aggregate, since this is economically advantageous and technically 
essential in order to produce a material with favourable properties.
It may be argued, therefore, that, as yet, the potential of the binder 
fraction only of resin concrete has been exploited to any significant 
extent. This investigation has been carried out to determine whether 
with the addition of fine and coarse aggregates to a resin composition, 
together with a suitable fibre reinforcement, a material could be 
produced which would not only incorporate the advantages of plain 
Portleind cement concrete but would also have the added advantages of 
chemical resistance and high flexural strength.
Little knowledge of mixing techniques and of mix design was 
available so that initial tests were carried out with this in mind.
As a preliminary to full-scale testing it was decided to cast a series 
of specimens in order to:-
1. ascertain appropriate mixing and testing techniques.
2. draw a comparison between the physical properties of
(a) resin only; (b) resin and sand mortar and
(c) resin and sand mortar with fibre reinforcement.
The main part of the investigation concerned resin concrete. 
Various proportions of fine and coarse aggregates to resin composition 
were investigated in order to obtain a mix which would not only be 
satisfactory from the workability point of view but would also possess 
properties as good as or superior to those of a good quality Portland 
cement concrete. The inclusion of fibre reinforcement in resin concrete
—  —
was Investigated in order to ascertain whether any significant 
improvement in strength and, of even greater importance, in elastic 
properties could thereby be obtained.
Tests were also carried out to determine the relationship 
between the age and strength of resin concrete since little or no 
information could be traced regarding this vital aspect.
Lastly the creep characteristics of a particular mix of resin 
concrete were investigated and compared with a good quality Portland
cement concrete^  ^* nee, again, no information was available other
than a widely held view that resin concrete would behave unfavourably 
in this respect.
Materials used and choice of mix proportions
In the interests of economy and because of its ready availability, 
polyester resin was used in the initial tests. The type of resin used 
was not considered to be of primary importance as the principal object 
was to acquire experience in handling the resin formulations and to 
obtain a broad indication of the strength and elastic properties.
For the initial tests the polyester resin used was that made by 
Bakelite Xylonite Ltd., identified by the manufacturers as SRI9038 and 
used in conjunction with a hardener known as Methyl Ethyl Ketone Peroxide 
SD and an accelerator identified as Q1?448 produced by B and K Resins Ltd.
In subsequent tests two types of Epoxy resin were used and both 
are produced by Shell Chemicals Ltd. As will be seen later in the 
thesis the first of the Epoxy resins, 'Epikote* I80 was found to be 
too pliable and quite unsuitable as a binder. The second of the two 
Epoxy resins Used was *Epikote* 828/Benzyl Alcohol with a hardener 
known as *Epikure* 112 and this composition was found to be very 
satisfactory for this study.
At a very early stage in the tests it was found that releasing 
agents used for normal concretes were unsatisfactory when dealing with 
resins; indeed it is imperative to use the correct releasing agent and 
that known as *Mold Wiz* 249 Emulsion manufactured by the Cornelius 
Chemical Co. Ltd. was found to be ideal.
Throughout the tests the sand used was a typical concreting sand,
5 mm (3/16 in.) maximum size, obtained from the Thames valley.
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Similarly, the coarse aggregates used were typical Thames valley washed 
gravels of maximum size 10 ram (J in.) and 19 mm in.). Care was taken
to see that both the sand and gravel were thoroughly dry before use.
In the main investigation limestone dust (100^ passing No. 200 B.S 
sieve) was used to fill the interstices in the sand. The limestone was 
obtained from Wrotham, Kent.
Knowing that the modulus of elasticity for resins generally is 
( 2 )
low, it was thought that the inclusion of even a low volume
concentration of high modulus fibres might possibly improve this 
characteristicè With this in mind two types of fibre were tried.
Firstly, chopped carbon fibres produced by the Morgan Crucible Company 
ÿid known as Type I, 7.5 /|m (0.0003 in.) diameter, *sized* with an 
Epoxy resin and chopped into 13 mm (^ in.) lengths were used. In later 
tests similar fibres produced by Rolls Royce Ltd. were used. The second 
type of fibre chosen was chopped asbestos produced in Canada and 
Swaziland and supplied by the Explosives Research and Development 
Establishment, Ministry of Technology.
Reference has already been made in Chapter 1 to the high modulus 
of elasticity and high strength of carbon fibres so that this was a 
natural choice of reinforcing material in this instance. However, 
carbon fibres are expensive and it was thought that as asbestos fibres, 
also known to have a relatively high modulus of elasticity, are 
comparatively inexpensive, their inclusion in a resin composition 
should be investigated.
Limited tests were carried out on resin mortar specimens containing 
chopped steel wire reinforcement but, in the specimen size and with the 
particular wire chosen, the addition of steel wires was found to be 
unsatisfactory as severe **bunching** occurred, resulting in poor 
compaction.
In the absence of published information that could be directly 
applied to the particular materials selected, the choice of sand/resin 
ratio was governed by the need to produce a mix with a workability or 
fluidity that would allow compaction to be effected. It was only with 
regard to the relative proportions of resin, hardener and accelerator 
that guidance was available and the proportions recommended by the 
manufacturers were rigidly observed.
-  3 6  -
Throughout the investigation, therefore, and with normal concrete 
practice in mind, arbitrary mix proportions were adopted; then, either 
through observation during the mixing and compaction processes or from 
analysis of test results, mix proportions were adjusted for subsequent 
tests.
In all cases the mix proportions were determined by weight but 
when, at a later stage, the results were analysed, it became apparent
that more meaningful information would be obtained if the proportions
were considered in terms of volumetric fractions. This involved the 
need for detailed information regarding the relative densities (i.e. 
Specific Gravities) of the constituent materials.
3.2 Relative Densities of Materials Used
(a) Carbon Fibres
Attempts to determine the relative density of the carbon 
fibres, using a standard procedure based on the use of a 100 ml 
Specific Gravity bottle, a fluid and air evacuation apparatus, 
led to a considerable scatter of results. This was due to 
extreme difficulties experienced in adequately wetting the 
fibres and removing the air.
( 7 )It is reported that the relative density of high
modulus carbon fibres is 1.986 and that for high strength
carbon fibres is 1.746. For the particular carbon fibres 
supplied, a relative density of I.90 was judged to be appropriate
(b) Asbestos Fibres
Having experienced difficulties in attempting to 
determine the relative density of the carbon fibres, it was 
anticipated that even greater difficulties would arise in a 
similar determination for asbestos fibres, having regard to 
the absorbent properties of this material.
Information obtained from the Explosives Research and 
Development Establishment, Ministry of Technology revealed 
that the value for the relative density of asbestos fibres 
is normally taken as 2.72 and it was decided to adopt this 
value in the present study.
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(c ) Sand
Attempts were made to determine the relative density 
and water absorption of the sand on an oven-dried basis in 
accordance with Method . *G* , B.S, 812: I967 (Methods for 
Sampling and Testing of Mineral Aggregates, Sands and Fillers). 
Difficulties were experienced in achieving the saturated but 
surface dry condition. This was known to be a problem 
because of the tendancy for moisture to be retained between 
sand particles causing adjacent particles to adhere. Although 
the sand appeared to be in a free running condition, the exact 
moment when the particles of the sand were saturated but the 
surface dry was difficult to judge; several attempts were 
made but results were not repetitive.
The relative density and water absorption of sand is 
known to vary according to type and, even when tests have 
been made on a specific type of sand, variation of results 
can be quite considerable.
In these circumstances, therefore, it was decided to 
accept values for the relative density and water absorption 
commonly adopted for sand obtained from the Chertsey area —  
the type used in the present investigation. These values 
were as follows:-
Relative Density (oven-dried condition) - 2.55 
Water Absorption - 1.1# of the dry weight of sand
(d) Gravels
As in the case of sand, the relative densities of the 
gravels were found on an oven-dried basis in accordance with 
Method 'B*, B.S. 812 and the following average results were 
obtained from four determinations:-
19 mm (^") gravel - 2.45 (range 2.42 - 2.48)
10 mm (J") gravel - 2.35 (range 2.31 - 2.39)
In addition the respective values for the water absorption 
were found and the following average results were obtained 
from four determinations:-
19 mm (^") - 2.02# of the dry weight (range 1.70# - 2.34#)
10 mm (§") - 3*58# of the dry weight (range 3»'>6# - 4.00#)
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(c) Limostono Dunt
A value normally taken an tho relative donnity of 
limestone dust is 2.7 and it wan decided to accept this 
value for the purposes of the present investigation.
(f) Polyester resin with catalyst and accelerator added
The relative density of the polyester resin with 
requisite catalyst and accelerator was found by direct 
measurement i.e. by using a 100 ml graduated flask and 
weighing the resin composite necessary to fill the flask.
The average value obtained from four determinations 
was found to be 1.11 (range 1.08 - 1.14).
(g) 'Epikote' 828 with 'Epikure* 112 hardener
The relative density of the epoxy resin 'Epikote* 828/ 
Benzyl Alcohol with 'Epikure* 112 hairdener ( 110:25 by weight) 
was found in similsir manner to the polyester resin above and 
the average value found from four determinations was 1.11 
(range I.06 - I.I6).
3 .3  Resin composite absorption
Bearing in mind that later in the thesis the volumetric fractions 
of the constituent materials are considered, attempts were made to 
determine the amount of resin absorbed by the gravels used.
The method adopted was improvised but based on the techniques 
applied to gravels for normal concrete as described in B.S. 8l2.
500 g samples of the aggregate were oven-dried, weighed and
saturated in * Epikote * 828 with the requisite quantity of 'Epikure* 112
hardener. After 20 minutes saturation the resin composition was drained 
off and the aggregate placed on a cloth which had been saturated in 
acetone. The surface of the aggregate was then cleaned of resin as 
thoroughly as possible. Care was taken to wring the cloth to ensure 
that the acetone was not in such quantity that it would tend to act as 
a solvent on the resin absorbed in the aggregate.
The cleaned aggregate was re-weighed to determine the quantity of
absorbed resin, based on a percentage of the dry weight.
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From three determinations surprisingly consistent results were 
obtained as follows:-
19 mm (^ :") gravel - O.38#; 0.42# and 0.40#
Average absorption - 0.40#
10 mm (^") gravel - 1.12#; 1.10# and 1.11#
Average absorption - 1.11#
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CHAPTER 4
Preliminary Investigation
4.1 Preparation of Specimens: (Test Series 1)
(a) Polyester resin specimens
In the first series of tests, three specimens each
25.4 X 25.4 X 101.6 mm (1" x 1" x 4") were prepared from a 
batch containing 500 g of resin, 7.5 cc of hardener and
7 .5  cc of accelerator. These specimens are identified as 
Specimens ’A* (Test Series l).
(b) Polyester resin mortar specimens
The resin binder fraction was prepared using the 
weights given in (a) above and 1000 g of sand were added to 
produce a resin mortar having a sand/resin ratio of 2.
However, this proved to be excessively fluid and the sand 
content was progressively increased until the mix was judged 
to be Satisfactory. This occurred when a total of I5OO g of 
sand had been added i.e. a sand/resin ratio of 3. From this 
mix three specimens each 25.4 x 25.4 x 101.6 mm (1" x 1" x 4") 
were prepared and identified as Specimens *B' (Test Series !)•
(c) Carbon Fibre reinforced Polyester resin mortar specimens
The mix judged suitable for the resin mortar specimens 
was repeated (5OO g of resin, 7.5 cc of hardener and 7.5 cc 
of accelerator and I5OO g of sand) and 25 g of carbon fibre 
added to the mix. When considered in relation to percentage 
content the carbon added was 5# by weight of resin, 1.25# by 
weight of mortar (neglecting the hardener and accelerator, 
their being in such small quantities) or 1.25# by volume of 
the mortar. The addition of the carbon fibre, however, 
greatly reduced the workability of the mix and, in order to 
produce a usable mix, it was found necessary to add a 
further 250g of resin together with the requisite amounts of 
hardener and accelerator. The resulting mix, with a sand/resin
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ratio of 2, was considered to be satisfactory and three 
specimens were prepared. On this occasion, because of the 
availability of moulds, the specimens were each
25,4 X 25.4 X 152.4 mm (I" X 1" X 6") and identified as
Specimens *C* (Test Series l).
4.2 Test Procedures; (Test Series l)
The initial tests were carried out in a Wykham Farrance compression
frame with a 22IN (5OOO Ibf) proving ring for load measurement and
fitted with a dial gauge for measuring the overall deformation of the 
test specimen under load.
Because the method of measuring deformation did not allow bedding
an^ the form of | the curve: 
down effects to be determined, the data^^thereby obtained are subject to
error. Furthermore, since deformation was measured on one face only the
possibility existed of inaccuracies due to non-uniform straining
resulting from non-axial load application. Attempts to overcome the
latter effects by carrying out repeat tests with variations in specimen
orientation reduced the magnitude of the error but, on balance, the
test procedure was considered unsatisfactory and subsequently discontinued
in favour of surface strain measurement as discussed later in the thesis.
(Strains for corresponding stresses are tabulated in Appendix I, Tables
1, 2 and 3).
Discussion of Results
Although the results obtained in this series are treated with 
reservation for the reasons given above, they are nevertheless judged 
to be of the right order of magnitude euid, therefore, allow the different 
mixes to be compared.
The curved forms of the stress/strain relationships, shown plotted 
in Figures 1, 2 and 3, introduces an additional complication in 
determining meaningful values for the modulus of elasticity, this being 
especially so for the resin only mix in which the modulus increased 
with increase in stress. In consequence a tangent modulus has been 
calculated for the resin only mix whilst for the mortar mix and the 
fibre reinforced mortar mix the modulus has been determined from the 
slope of the linear part of the relationships. On this basis the 
modulus of elasticity for the Polyester resin is approximately
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Average value of modulus of elasticity between
3 .5  MN/m^ (500 Ibf/in^) and 7.0 MN/m^ (1000 Ibf/in^) 
= 2.07 GN/m^ (0.3 x 10^ Ibf/in^)
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2.07 GN/ra^  (0.3 x 10^ Ibf/în^), a value which appears to be of the
(?)right order when compared with typical values quoted for this
type of resin.
The introduction of sand into the resin increases the modulus 
of elasticity to 4.83 GN/ra^  (0.7 x 10^ Ibf/in^) and the addition of 
carbon fibre further increases the modulus to a value of 11.03 QN/m^
(1.6 X 10^ Ibf/in^). The latter value is interesting in view of the 
relatively low volume concentration of carbon fibre in the mortar mix 
especially so since the sand/resin ratio had been reduced from 3 to 2. 
The volumetric concentrations of carbon fibres and other mix 
constituents are dealt with at a later stage in the thesis and the 
results re-examined on this basis. It would perhaps have presented a 
rather better comparison if a mortar mix of 2:1 sand to resin ratio 
had been considered but undoubtedly this would have produced a mix 
too fluid to give satisfactory compaction.
The preliminary study showed that there was no difficulty in 
mixing Polyester resin nor in mixing carbon fibres into the resin/ 
sand composition.
4.3 Preparation of specimens: (Test Series 2)
Having ascertained that there is little difficulty in mixing 
carbon fibres with resin and sand, further specimens were mixed in 
accordance with the proportions shown below. It was decided to increase 
the proportion of carbon fibres in order to determine if a substantial 
increase in the modulus of elasticity could thereby be obtained.
(a) Polyester resin specimens
As in Test Series 1, three specimens each
25.4 X 25.4 X 101.6 ram (1" x 1” x 4") were prepared from a 
batch containing 500 g of resin, 10 cc of hardener and 10 cc 
of accelerator.* These specimens are identified as Specimens 
'A* (Test Series 2).
* In Test Series 1, 7.5 cc of both hardener and accelerator were used. 
The increase to 10 cc was made for convenience and the effect on the 
physical properties of the specimens was judged to be negligible.
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(b) Polyester resin mortar specimens
Similar to Test Series 1, the resin binder fraction 
was prepared using the weights given in (a) above and I5OO g 
of sand added to give a sand/resin ratio of 3* From this 
mix six specimens each 2$.4 x 25.4 x 101.6 mm (1” x 1" x 4") 
were prepared, as for Test Series 1, and identified as 
Specimens 'B* (Test Series 2). Three of these specimens 
were used to determine the modulus of elasticity and the 
remainder for flexural tests.
(c) Carbon fibre reinforced Polyester resin mortar specimens
The mix for Specimens *B* above was repeated (500 g of 
resin, 10 cc of hardener, 10 cc of accelerator and I5OO g of 
sand) and 100 g of ceirbon fibres were added but during the 
mixing process the composition was judged to be too stiff and 
200 g of resin with the appropriate amount of hardener and 
accelerator were added to increase workability.
When considered in relation to percentage content the 
carbon added was 14.3^ by weight of resin, 4.34^ 0 by weight of 
mortar (neglecting the hardener and accelerator as in the 
case of Test Series 1) and 4.14^ by volume of the mortar. The 
resulting mix gave a sand/resin ratio of 2 1/7.
From this mix twelve specimens each 25.4 x 25.4 x 101.6 mm 
(ill 'jii X 4*0 were prepared and identified as Specimens *C* 
(Test Series 2). Five of the specimens were used to determine 
the modulus of elasticity and the remainder for flexural tests.
4.4 Test Procedures: (Test Series 2)
In order to obtain a more accurate determination of the deformation 
mechanical dial gauge type ; 
of the specimens, a *Demec^extensometer was used and applied to studs
cemented to the surface of the specimens rather than, as previously in
Test Series 1, using a dial gauge between the proving ring and the lower
platen of the testing machine. To cater for any eccentricity, readings 
were taken on opposite faces and average strain values determined.
(Strains for corresponding stresses are tabulated in Appendix II, Tables 
1, 2 and 3). An initial load i was applied so that zero readings could be 
taken using the extensometer.
A limited number of flexural tests were carried out on the
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remainder of Samples 'B' (Resin and Sand) and Samples 'C* (Resin, Sand 
and Carbon fibres). For this purpose an Avery 0.5 MN (50 tons f) capacity 
machine was used with a rate of loading of 250 N (0.02 ton f) per 
minuté. A central point load was applies on a simply supported span of
76.2 mm (3").
Discussion of Results
Considering the test results for the determination of the modulus 
of elasticity of each mix, Figure 4 shows a typical graph for Specimen 
'A*. In Appendix II, Tables 1, 2 and 3, average strains are shown for 
corresponding stresses. From these tables the graphs shown in Figure 4 
have been plotted and, from these graphs the following moduli of 
elasticity have been calculated
TABLE 4
COMPOSITION AVERAGE VALUE OF 
MODULUS OF ELASTICITY
Polyester Resin only
Polyester Resin and Sand 
(1:3 by weight)
Polyester Resin, Sand 
(1:2 1/7 by weight) and 
Carbon Fibres (4.l4^ of 
volume of mix)
3.24 GN/m^ (0.47 X 10^ Ibf/in^)
10.13 GN/m^ (1.47 X 10^ Ibf/in^)
14.61 GN/m^ (2.22 x 10^ Ibf/in^)
It will be observed that the graph drawn for the resin/sand/carbon 
fibre composite is not directly comparable with that drawn for the 
resin/sand only composite because the stiffening effect of the carbon 
fibres required additional resin for workability. For direct comparison 
the value of the modulus of elasticity of a 1:2^ (by weight) resin/ 
sand mortar is required but such a mix would undoubtedly be difficult 
to compact due to excessive fluidity. Theoretically a curve drawn for 
such a mix is likely to move towards that drawn for the resin only 
specimens and the effect of adding the carbon fibres would then be even 
more marked.
The modulus of elasticity for the resin only is clearly increased 
by the addition of sand and increased still further by the addition of 
carbon fibres to the resin/sand composite. It is interesting to note
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Plate 1.
25mm square section prism  of 
carbon fibre reinforced polyester 
resin m ortar after compression 
test.
Plate 2.
Close-up of fa ilure surface showing 
carbon fibres in resin-sand m atrix . 
Magnification x 10
%
%
that the value of the modulus of elasticity for the resin only specimens 
viz. 3.24 GN/m^ (0.4? x 10^ Ibf/in^) is within the range of 2.1 to 4.1 
GN/m^ (0.31 to 0.60 X 10^ Ibf/in^) reported by Kuenning  ^ for Polyester 
resin under compressive loading.
The method adopted for determining the deformation of the 
specimens proved to be more satisfactory than that used for Test Series 
1 although difficulty was experienced in keeping the degree of 
eccentricity in the application of the load minimal. Bearing in mind 
the smallness of the cross-sectional area of the specimens, any 
tendency for the ends to be out of square with the sides accentuated 
the effect of eccentricity. Nevertheless the average values for the 
modulus of elasticity determined would seem to be of the right order.
The flexural tests carried out on Samples *B' (Resin and Sand) 
and Samples ’C* (Resin, Sand and Carbon Fibres) produced an average 
stress at failure of 14.8 MN/m^ (2150 Ibf/in^) and 32.2 MN/m^
(4670 Ibf/in^) respectively.
It would appear that the inclusion of carbon fibres in the resin/ 
sand composition considerably increases the flexural strength but the 
results must be treated with reservation. As in the case of tests to 
determine the modulus of elasticity for different compositions, the 
resin content in the resin/sand/carbon fibres specimen is more than 
in the resin/sand only specimens so that to make a direct comparison 
would be incorrect.
4 .5  Preparation of Specimens: (Test Series 3)
The previous series of tests indicated that, with the addition of
carbon fibres to a resin/sand matrix, a substantial increase in the
modulus of elasticity is possible. Bearing in mind that doubt has 
( 3 )been expressed whether Polyester resin is compatible with Portland
cement, the possible lower shrinkage characteristic of epoxy resin 
compared with Polyester resin and, knowing the high chemical resistance 
claimed for epoxy resins, it was decided to carry out a further series 
of tests (similar to those in Test Series 2) using Shell 'Epikote* 180 
with corresponding hardener and a sand filler.
Mixes were produced each having a different resin composite/sand 
ratio in order to observe the possible variation in modulus of 
elasticity.
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All specimens produced were 2$.4 x 25*4 x 101.6 mm (1" x 1” x 4") 
and prepared as follows:-
(a) Two specimens from 300 g of resin and 150 g of hardener and 
identified as Specimens *A* (Test Series 3)*
(b) Three specimens from 250 g of resin, 125 g of hardener and 
1125 g of sand (1:3 resin composite to sand by weight) and 
identified as Specimens *B* (Test Series 3).
(c) Three specimens from 166 g of resin, 83 g of hardener and 
1245 g of sand (1:5 resin composite to sand by weight) and 
identified as Specimens *C* (Test Series 3) and
(d) Three specimens from I66 g of resin, 83 g of hardener and 
1494 g of sand (1:6 resin composite to sand by weight) and 
identified as Specimens *D* (Test Series 3)•
4.6 Test Procedures: (Test Series 3)
Tests were carried out precisely as in Test Series 2.
Discussion of Results
Figure 5 shows the average stress/strain graph, drawn for 
Specimens *A*, from which the modulus of elasticity was found to be
1.38 GN/m^ (0.2 X 10^ Ibf/in^) for the purposes of this study and is
( 2 )within the range quoted by Kuenning for resilient epoxy resin viz.
■ ■ 2up to 1.4 GN/m which is low. The addition of sand produced mixes 
which were difficult to compact and, as might be expected, the 
calculated values of the modulus of elasticity were inconsistent.
The following table shows the average value of the modulus of 
elasticity for the corresponding mix. The 1:5 (resin/sand composition 
by weight) mix gave the best results but no reliability can be placed 
on the calculated modulus of elasticity of 2.62 GN/m^ (O.38 x 10^ Ibf/in^) 
because of the compaction difficulties.
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TABLE 5
COMPOSITION
Epoxy Resin (*Epikote' 
180) only
Epoxy Resin ('Epikote* 
180) and Sand (1:3 
by weight)
Epoxy Resin ('Epikote* 
180) and Sand (1:5 
by weight)
Epoxy Resin ('Epikote' 
180) and Sand (1:6 
by weight)
AVERAGE VALUE OF 
MODULUS OF ELASTICITY
1.38 GN/m^ (0.2 X lof Ibf/in^)
1.03 GN/m^ (0.15 X 10^ Ibf/in^)
2.62 GN/ra^  (O.38 x 10^ Ibf/in^)
1.10 GN/m^ (0.16 X 10^ Ibf/in^)
7
'Epikote' 180 is obviously not a suitable epoxy resin for 
structural purposes and, in the circumstances, it was decided not to 
proceed with flexural tests.
4 .7  Preparation of Specimens: (Test Series 4)
Having discussed with the manufacturers the difficulties experienced 
with the use of 'Epikote' 180, a further series of tests were carried 
out using a different type of epoxy resin viz. 'Epikote' 828/Benzyl 
Alcohol (ref: 91/89/RJGE) with 'Epikure' 112 hardener. The manufacturers 
recommended mix of 110 parts of resin to 25 parts of hardener (by 
weight) was rigidly adhered to.
All specimens were cast in moulds 25.4 x 25.4 x 101.6 mm (1" x 1” x 4") 
and prepared in the same manner as for previous tests.
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The following table shows the composition of batches and 
identification of the Specimens:-*
TABLE 6
Batch
No.
Composition
Ratio of 
Resin Com­
posite/Sand 
(by weight)
Identification
of
Specimens
Specimen
No.
1
330g resin 
75g hardener - A
1
2
2
llOg resin
25g hardener
6g carbon 
fibres
- B
Compaction was 
very unsatis­
factory and no 
tests were 
carried out
3
110g resin 
25g hardener 
675g sand
1:5 C
1
2
4
110g resin 
25g hardener 
8lOg sand
1:6 D
Compaction was 
very unsatis­
factory and no 
tests were 
carried out
5
llOg resin
25g hardener
675g sand
6g carbon 
fibres
1:5 E '
1
2
It was found to be extremely difficult to mix the carbon fibres 
with the resin (Specimens *B*) as the fibres tended to bunch badly 
but the addition of sand (Specimens *E') produced no mixing problem 
and allowed the fibres to be incorporated without difficulty. In 
this case the method of mixing was to add the sand to the resin 
composition first; thus the mix was relatively dry before the carbon 
fibres were added.
No tests were made on the Specimens 'D' (1:6) as compaction
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proved difficult and the specimens were unsatisfactory.
4.8 Test Procedures: (Test Series 4)
Tests were carried out precisely as in Test Series 2 and 3*
Discussion of Results
In Appendix III, Table 1, 2 end 3» average strains are shown for 
corresponding stresses. From these results graphs shown in Figure 6 
have been plotted and, from these graphs, the following values for 
modulus of elasticity have been calculated:-
TABLE 7
COMPOSITION AVERAGE VALUE OF MODULUS OF ELASTICITY
Epoxy Resin ('Epikote' 
828) only
Epoxy Resin ('Epikote' 
828) and Sand (1:5)
Epoxy Resin ('Epikote' 
828), Sand (1:5) and 
Carbon Fibres (O.81# 
of volume of mix)
3 .72 GN/m^ (0.54 X icf Ibf/in^) 
14.01 GN/m^ (2.03 X 10^ Ibf/in^) 
22.91 GN/m^ (3.32 X 10^ Ibf/in^)
Figure 6 also shows the stress/strain graph for a mix containing 
asbestos fibres in lieu of carbon fibres which is dealt with in Test 
Series 5.
'Epikote* 828 proved to be a far more satisfactory epoxy resin 
than 'Epikote' 180 for this study and more consistent results were 
obtained for the modulus of elasticity.
It will be observed that although the amount of carbon fibres 
added to the 1:5 resin to sand mix was small (0 .8l^ of the volume of 
the mix) nevertheless this produced an increase in the modulus of 
elasticity of over 60#. It was felt that if further quantities of 
carbon fibres had been added satisfactory compaction would not have 
been possible.
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4.9 Preparation of Specimens: (Test Series 5)
Adding chopped carbon fibres to a resin/sand mix increases the 
modulus of elasticity but the current h i ^  cost of the fibres would 
be likely to render their use prohibitive. On the other hand asbestos
fibres are relatively inexpensive and have a modulus of elasticity in
2 6 2 
the order of 138 GN/m (20 x 10 Ibf/in ), It was decided, therefore,
to investigate a resin mortar mix containing asbestos fibres in lieu
of carbon fibres.
'Epikote' 828 with 'Epikure' 112 hardener, having been found to 
be satisfactory in Test Series 4, was used in this series and in all 
subsequent series of tests.
The following table shows the composition of batches and 
identification of the specimens.
Swaziland asbestos fibres were used in Batches Nos. 1 and 2 and 
Canadian asbestos fibres in Batch No. 3*
From Batch No. 1 were cast 6 - 23.4 x 23.4 x 101.6 mm (1" x 1" x 4")
prisms.
From Batch No. 2 was cast 1 - 101.6 mm (4") cube and
from Batch No. 3 were cast 6 - 23.4 x 25.4 x 101.6 mm (1" x 1" x 4")
TABLE 8
prisms,
Batch
No. Composition
Ratio of 
Resin Com­
posite/Sand 
(by weight)
Asbestos 
Content 
(%  o f volume 
of mix)
Identification
of
Specimens
1
220g resin
50g hardener
8lOg sand
24g asbestos 
fibres
1:3 1.35 A
2
440g resin
lOOg hardener
l620g sand
48g asbestos 
fibres
1:3 1-55 B
3
220g resin
50g hardener
8lOg sand
24g asbestos 
fibres
1:3 1.55 C
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It was felt that the proportions selected were about right 
although compaction proved difficult because of the resultant 
•doughy* mixture. A reduction in resin composition content might 
well have made the mix unworkable.
4.10 Test Procedures: (Test Series 5)
Two prisms made from Batch No. 1 and two from Batch No. 3 
were tested as in Test Series 2, 3 and 4 to determine the modulus 
of elasticity.
The 101.6 mm (4") cube made from Batch No. 2 was tested for 
compressive strength in a Denison T60 3 MN (300 tons f) capacity 
compression machine, the rate of loading being 14 MN/m /min 
(2000 Ibf/in^/min).
The five remaining prisms, from Batch No. 1 were tested in 
flexure using an Avery 0.5 MN (50 tons f) capacity machine. The 
load was applied centrally on a simply supported span of 76.2 mm 
(3”) at a rate of 230 N (0.02 tons f) per minute as in Test Series 2.
Discussion of Results
It was observed that the strains measured for corresponding 
stresses varied very little between those specimens containing 
Swaziland asbestos and those containing Canadian asbestos. It was 
decided, therefore, to consider the average strain at the corresponding 
stress for all four specimens tested. These results, given in Table 1, 
Appendix IV, are shown plotted in Figure 7 Test Series 5*
From the stress/strain graph the modulus of elasticity was 
calculated to be 12.2 GN/m (1.77 x 10 Ibf/in ).
In spite of the fact that, like carbon fibres, the modulus of 
elasticity of asbestos is high, the modulus of elasticity of the 
resin/sand/asbestos composite selected was relatively low.
Although the two types of asbestos fibre used were of different 
lengths and texture, it would seem that the type of asbestos used makes 
little or no difference to the modulus of elasticity for a given resin/ 
sand ratio.
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Figure 7. Test Series 5 - Modulus of Elasticity of
’Epikote' 828, sand (1:3) and Asbestos Fibres
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Referring to Test Series 4, the calculated modulus of elasticity 
for the 1:5 resin/sand composition with carbon fibres added was 
22 GN/m (3*32 x 10 Ibf/in ). It would be incorrect to attempt to 
make a direct comparison between the carbon added and asbestos added 
resin/sand compositions because of the different sand contents. 
Nevertheless, it would appear that asbestos was an unsatisfactory 
substitute for carbon fibres.
The indifferent results obtained from the resin/sand/asbestos 
composition may have been due to the fact that the asbestos fibres, 
being very absorbent, soaked up the resin before being thoroughly 
mixed with the sand and tended to bunch causing the resultant ’doughy 
mix’ which, as previously raentioned^was difficult to compact.
Results from the limited tests carried out to determine the 
compressive and flexural strengths gave a compressive stress at failure
p p
of 71.7 MN/m (10,400 Ibf/in ) and a flexural stress at failure of
29.6 MN/ra^  (4300 Ibf/in^).
4.11 Summary of Results of Test Series 1 to 3
As originally stated these initial series of tests were carried 
out with the primary intention of developing mixing techniques and also 
to determine whether the addition of fillers (in this case sand) and 
reinforcement (in this case carbon or, for a few specimens, asbestos 
fibres) would give a substantial increase in the values of modulus of 
elasticity.
Generally speaking little difficulty was experienced in mixing 
the resin mortars, although this could not be said in respect of 
compaction. The "wetness" of the composition had, as would be expected, 
a critical effect. Too much resin caused settlement of the sand and 
too little prevented satisfactory wetting of the sand particles with 
consequent lack of adhesion.
Results showed that an increase in the modulus of elasticity of 
a resin composition is possible with the addition of fillers and 
reinforcement. Within the limitations of the tests carried out, the 
'Epikote* 828 epoxy resin and sand (1:3) composition gave the most 
satisfactory result. For this particular mix the value of the modulus
of elasticity was calculated to be l4.01 GN/m^ (2.03 x 10^ Ibf/in^).
2 6 2
This value was further increased to 22.91 GN/m (3.32 x 10 Ibf/in )
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with the addition of carbon fibres. Whether the inclusion of such an 
expensive material (approximately £35 per pound weight or £77 per kg 
at the time testa were carried out) warrants its use, is a matter of 
conjecture and scope for further investigation. There is the possibility 
that a finer grained sand than that used e.g. Buckland Sand or, 
alternatively, limestone dust might produce a result comparable or 
better than that produced with the inclusion of carbon fibres. It will 
be observed that in subsequent series of tests dealing with resin 
concrete the inclusion of limestone dust to fill the interstices between 
the particles of sand can produce a mix from which concrete specimens 
may be cast having a satisfactory modulus of elasticity, when considered 
relative to that for normal Portland cement concrete, without the need 
for fibre or similar reinforcement. The inclusion of limestone dust in 
a resin mortar is worthy of further investigation.
The addition of asbestos fibres in lieu of carbon fibres to the 
resin/sand composition proved to be unsatisfactory due to the absorbent 
nature of the material and the difficulty of compaction.
The compressive and flexural strength tests which were csirried
out were limited, since it is known that it is possible to obtain high
( 2 )strengths in this respect with resin composites whereas the
modulus of elasticity is of a low order and has not been truly investigated.
Test Series No. 3 showed conclusively how important it is to 
select the correct epoxy resin for the use to which it is to be put. 
'Epikote* 180 is obviously not a suitable resin for this study, it having 
a particularly low modulus of elasticity compared with the polyester used 
initially and the epoxy resin 'Epikote' 828 used subsequently.
The experience gained in handling resins showed that it is 
important to ensure that all tools are thoroughly cleaned with acetone 
or other similar solvent after use.
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CHAPTER 5 
Main Investigation
Having determined the general techniques of mixing resins and 
fillers and ascertained the values of modulus of elasticity which can 
reasonably be expected from various resin mortar mixes, the following 
series of tests deal with resin concrete and form the main work of the 
investigation.
As so little information is available in respect of the structural 
use of resin concrete, it was necessary to commence with a random mix 
and consider the material in the light of normal Portland cement 
concrete but replacing cement with a resin composite as the binder.
5*1 Preparation of Specimens: (Test Series 6)
An arbitrary mix of 1:2:4 by weight (resin binder, sand and coarse 
aggregate) was selected and batched as follows:-
5.0 kg ’Epikote' 828/Benzyl Alcohol 
0.5 kg 'Epikure' 112 hardener
11.0 kg sand
22.0 kg 19 ram (^ in.) to 10 mm (f in.) gravel
From this batch were cast 2 - 101.6 x 101.6 x 508 ram (4" x 4" x 20") 
prisms, 1 - 101.6 x 101.6 x 254 mm (4" x 4" x 10") prism and 
1 - 101.6 mm (4 in.) cube.
The manufacturers’mixing instructions were mistakenly understood 
to mean 100:10 parts by weight of resin to hardener whereas it transpired 
that this ratio referred to the proportions of 'Epikote* 828 to Benzyl 
Alcbhol in the formulation of the resin composition.
In spite of incorrect proportioning, the specimens hardened at room 
temperature although this process took far longer than would normally 
be the case.
The mix selected, based on a comparison with a typical Portland 
cement mix, proved to be too fluid. This fluidity was further 
accentuated by the incorrect proportioning of the resin to hardener.
The excessive fluidity tended to cause the coarse aggregate to
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settle towards the bottom of the moulds and a layer of resin approximately
5.0 mm (^^6") thick to form on the trowelled upper surface.
5 .2  Test Procedures: (Test Series 6)
As in the Preliminary Investigation, surface strain measurements 
were taken to determine the modulus of elasticity but, as larger 
specimens had been cast, it was possible to use a 101.6 mm (4") Demec 
extensometer for this purpose.
For this test and for all subsequent similar tests the Denison t 60 
compression machine was used at a rate of loading to produce a stress 
increase of l4 MN/ra^/min (2000 Ibf/in /min). Readings were taken on all 
four faces of the two 254 mm (10") prisms which were positioned so as to 
reduce the effect of eccentricity to a minimum.
Utilising the same testing machine as that used for the determination 
of strain measurements on the 254 mm(lO") long prisms, the compressive 
strength of the 101.6 mm (4") cube was found and, using a beam loading 
frame extension to this machine, the flexural strength of the 508 ram (20") 
long prism was also determined.
For the compression test the rate of loading was 142 kN/min 
(l4 tons f/min) in order to produce a stress increase of l4 MN/m^/min 
(2000 Ibf/in^/min).
The rate of loading for the flexure test was 3*6 kN/min (800 lbf/min) 
in order to increase the extreme fibre stress at the rate of 1.4 MN/m^/min 
(200 Ibf/in^/min).
The beam loading frame extension was arranged so that the 508 mm 
(20") long prism was loaded at the third points on a simply supported 
span of 4o6 mm (16") in accordance with the procedure described in B.S.1881 
Part 4; 1970 (Methods of Testing Concrete).
Discussion of Results
In Appendix V, Table 1, the average values of the strains measured 
on all four faces of both specimens for corresponding stresses are 
tabulated. From these results the graph shown in Figure 8 has been 
plotted and the value of the modulus of elasticity found to be 18.62 GN/ra^  
(2 .7 X 10^ Ibf/in^). Bearing in mind the fact that the ratio of resin to 
hardener was incorrect, this value is not unsatisfactory, particularly as 
no reinforcement was used.
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The compressive stress at failure of the 101.6 mm (4”) cube was
? p62.06 î^/m' (9000 Ibf/in ). Unlike normal concrete where, at failure 
under compression loading two pyramids are formed and the greatest 
degree of failure occurs at the centre of the cube, the resin concrete 
failed more or less equally throughout the section and broke into a 
large number of near rectangular prisms. It appeared to be mainly an 
aggregate failure.
In flexure, the stress at failure of the 101.6 x 101.6 x 508 mm 
(4" X 4” X 20") prism was 8.27 MN/ra^  (1200 Ibf/in^). The mode of 
failure was sudden.
The compressive and flexural strengths were encouraging but it 
was considered that they could be improved with a denser and more 
consistent mix.
5.3  Preparation of Specimens: (Test Series 7)
The 1:2:4 mix used in Test Series 6 was judged to be too fluid 
and it was decided to increase the sand and gravel content to 1: 2^: 5 
('Epikote' 828, sand and gravel) with and without the inclusion of 
carbon fibres.
The following table shows the composition of batches and 
identification of the specimens:-
table 9
Batch
No.
Composition Identification of Specimens
No. and Size of 
Specimens Cast
1
2 .2 kg resin 
0 .5 kg hardener 
6.75 kg sand 
13.5 kg gravel
A
2 - 101.6 mm (4") cubes
1 - 101.6 X 101.6 X 254 mm 
(4" X 4" X 10") prism
1 - 101.6 X 101.6 X 508 mm 
(4" X 4" X 20") prism
2
1.98 kg resin
0.45 kg hardener
6.073kg sand
12*15 kg gravel
0.146kg carbon 
fibres
B
1 - 101.6 ram (4") cube
1 - 101.6 X 101.6 X 254 mm 
(4" X 4" X 10") prism
1 - 101.6 X 101.6 X 508 mm 
(4" X 4" X 20") prism
The amount of carbon fibres included in Batch No. 2 was 6^ by 
weight of the resin plus hardener or, in terms of volumetric proportion,
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7.44# of the total volume of the mix.
5.4 Test Procedures; (Test Series 7)
The modulus of elasticity for the 2^4 mm (10") long prisms cast 
for both mixes was evaluated in the same manner as in the previous 
Test Series 6. Similarly the compressive and flexural strengths were 
also determined. In addition, the dynamic values of the modulus of 
elasticity for the 508 ram (20") long prisms were found by determining 
the resonent frequency under longitudinal vibration in accordance With 
B.S.188I; Part 5* 1970, Methods of Testing Concrete.
Discussion of Results
In Appendix VI, Tables 1 and 2 the average values of the strains 
measured on all four faces of both specimens for corresponding stresses 
are tabulated and from these results the graphs shown in Figure 9 have 
been plotted and the modulus of elasticity determined.
Results obtained from this series of tests are indicated in the 
following table:- TABLE 10
1:2^ :5 mix (excluding carbon)
Density . . . .  .. . . . .  . . . .  2.16 Mg/ra^  (135 Ib/ft^)
Dynamic Modulus of Elasticity .. .. 28.61 GN/m^ (4.15 x 10^ Ibf/in^)
Compressive Modulus of Elasticity .. 23.44 GN/m^ (3.4 x 10^ Ibf/in^)
Compressive Strength .. . . . . . .  73*09 MN/m^ (10,600 Ibf/in^)
Flexural Strength .................  15.17 MN/m^ (2,200 Ibf/in^)
1:2-^:5 mix (including carbon)
Density .. .. . . . . . .  . . . .  2.11 Mg/m^ (132 Ib/ft^)
Dynamic Modulus of Elasticity .. .. 24.82 G U / a r (3 .6 x 10^ Ibf/in^)
Compressive Modulus of Elasticity .. 16.20 GN/m^ (2.35 x 10^ Ibf/in^)
Compressive Stength .. .. . . . .  65.16 MN/m^ (9,450 Ibf/in^)
Flexural Strength ..   ..17.24 MN/m^ (2,500 Ibf/in^)
Note: 1. Inspection of the specimens after being tested in
compression indicated an aggregate failure in both 
cases.
2. In flexure the mode of failure was sudden for both 
specimens tested.
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Comparing the results, the inclusion of carbon fibres marginally 
increased the flexural strength but decreased the compressive strength, 
dynamic modulus of elasticity and compressive modulus of elasticity.
However, these observations must be treated with reservation as only 
one specimen was tested for each condition.
The density of the mix containing the carbon fibres was rather 
less than that of the mix without fibres and this could be a contributory 
factor affecting the strength properties. The more likely reason, 
however, for the apparent anomoly was revealed by a microscopic 
inspection of the fractured specimens. It was observed that very few 
of the carbon fibres remained in the mix and these were of the order 
of 5 nun (0.04") in length compared with the 25.4 mm (1”) long fibres 
initially added to the mix. It was assumed that in the mixing process 
the fibres were broken down and reduced to carbon black. Bearing in 
mind that in the mortar mixes which were tested the carbon fibres 
remained more or less intact, it would appear that the coarse aggregate 
caused the breakdown of the fibres during mixing. Alternative 
contributary reasons for the breakdown of the carbon fibres may have been 
due to the more vigorous action of the mixer used for the concrete mixes 
or the more abrasive nature of the concrete mix due to the higher volumetric 
fraction of the aggregate.
The foregoing results indicate that the inclusion of carbon fibres 
in a resin concrete mix does not produce the improvement in properties 
initially anticipated.
Although the results of Test Series 5 indicated that, when asbestos 
fibres were included in a resin mortar mix, compaction proved difficult, 
it may have been that the size of the specimens was a contributory 
factor. In the larger specimens considered in the main investigation, 
it might well be that the compaction difficulty could be overcome. 
Furthermore, the asbestos fibres might not be broken down in the mixing 
process as was found to be the case when carbon fibres were included in 
the mix. It was decided, therefore, to carry out tests on a mix similar 
to that prepared for Test Series 6 but including asbestos fibres in 
lieu of carbon fibres.
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5*5 Preparation of Specimens; (Test Series 8)
1 - 101.6 X 101.6 X 508 mm (4” x 4" x 20”) prism;
1 - 101.6 X 101.6 X 254 mm (4” x 4” x 10”) prism and
2 - 101.6 mm (4”) cubes
were made from the following batch:-
2.2 kg ’Epikote' 828 resin
0 .5 kg 'Epikure' 112 hardener
6.75 kg sand
15.5 kg 19 mm CJ”) gravel 
0.324 kg Swaziland asbestos fibres
The amount of asbestos fibres included in the batch was 12# by 
weight of the resin plus hardener or, in terms of volumetric proportion,
1.11# of the total volume of the mix.
The batch was very difficult to mix and compact. Severe bunching 
of asbestos, sand and resin occurred so that the mix tended to be far 
from uniform. The second of the 101.6 mm (4”) cubes was too dry for 
hand compaction and this cube was 'Kango' hammer compacted.
It was thought that the tendency to bunch was due to the fact 
that the asbestos, being very absorbent, tended to soak up the resin 
to which the sand then adhered. For more satisfactory compaction it 
would seem that additional resin and hardener would be required or, 
alternatively, the asbestos sized with resin to prevent absorbtion.
This latter proposition was ruled out by the manufacturers as being 
impracticable. An attempt to solve the problem was made by adding an 
arbitrary quantity of acetone to a mix which was otherwise identical 
to that of the previous mix. The acetone was added on the basis that, 
having "wetted” the asbestos, the tendency to absorb the resin would 
be reduced; the mixing process could then be continued and, during 
this process, the acetone would evaporate. In the event, the acetone 
merely acted as a diluent and the coarse aggregate was clearly 
segregated from the remainder of the mix.
5.6  Test Procedures: (Test Series 8)
As^  the^specimens made from the second mix were entirely unsatisfactory 
no tests were carried out. From the first mix the 101.6 x 101.6 x 234 mm 
(4” X 4” X 10”) long prism only was satisfactory and the modulus of 
elasticity for this specimen was determined in the same manner as that
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in Test Series 7.
Discussion of Results
In Appendix VII, Table 1, the average values of strains measured
on all four faces of the specimen for corresponding stresses are
tabulated. From these results the graph shown in Figure 10 was plotted
?and the modulus of elasticity was found to be 20.13 GN/m 
(2.92 X 10^ Ibf/in^).
Because of the mixing and compaction difficulties encountered 
with asbestos fibres, it was decided that no useful purposes would be 
served in considering further the inclusion of this type of fibre as 
reinforcement in resin concrete.
The modulus of elasticity of 23.44 GN/m^ (3.4 x 10^ Ibf/in^) 
determined for the 1:2^:5 mix in Test Series 7 was encouraging and it 
was thought that if a mix could be produced from which better compacted 
specimens could be cast, the modulus of elasticity might well be 
increased.
To improve compaction, it was considered necessary to fill the 
interstices in the sand content of the mix with a material other than 
resin. To increase the resin content would increase the fluidity, with 
consequent difficulty in compaction and reduction in the modulus of 
elasticity. Limestone dust was judged to be a suitable filler and have 
the additional advantage of reducing the amount of resin required. In 
addition, it was decided to substitute 10 mm (f”) gravel for the 19 mm 
(J") gravel used previously in order to ascertain whether compaction 
could be further increased.
5.7 Preparation of Specimens: (Test Series 9)
In order to ascertain the amount of resin to be added to a 1:2:4 
mix (limestone dust:sand: 10 mm (^") gravel) to achieve maximum 
compressive strength, a series of specimens were cast, increasing the 
amount of resin with requisite hardener by increments of 1#. In the 
light of previous tests it was judged that 7# by weight of resin plus 
hardener to dry materials would be the minimum resin content required 
to produce a workable mix and l4# resin plus hardener the maximum resin 
content before excessive fluidity prevented satisfactory compaction. In 
the event 14# resin plus hardener content proved excessive for satisfactory 
compaction and no tests were made from this batch.
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The following table shows the composition of batches and
identification of the specimens
TABLE 11
Batch
No.
%  Resin + 
Hardener Composition
Identification 
of Specimens
1 7
0.850 kg limestone dust
1.700 kg sand
3.400 kg gravel
0.340 kg 'Epikote' 828 resin
0.077 kg 'Epikure* 112 hardener
—----—......... .
1 and IK
2 8
0.850 kg limestone dust 
1.700 kg sand
3.400 kg gravel
0.388 kg 'Epikote* 828 resin
0.088 kg * Epikure * 112 hardener
2 and 2K
3 9
0.850 kg limestone dust
1.700 kg sand
3.400 kg gravel
0.437 kg 'Epikote* 828 resin
0.099 kg 'Epikure* 112 hardener
3 and 3K
4 10
0.850 kg limestone dust
1.700 kg sand
3.4oO kg gravel
0.485 kg 'Epikote* 828 resin
0.110 kg 'Epikure* 112 hardener
4 and 4K
5 11
0.850 kg limestone dust
1.700 kg sand
3.400 kg gravel
0.534 kg 'Epikote* 828 resin
0.121 kg 'Epikure* 112 hardener
5 and 5K
6 13
0.850 kg limestone dust
1.700 kg sand
3.400 kg gravel
0.582 kg 'Epikote* 828 resin
0.132 kg * Epikure * 112 hardener
6 and 6K
7 13
0.850 kg limestone dust
1.700 kg sand
3.400 kg gravel
0.621 kg 'Epikote* 828 resin
0.143 kg 'Epikure* 112 hardener
7 and 7K
Note: In respect of specimen identification, the suffix K
indicates 'Kango' hammer compaction.
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Two 101,6 nun (4") cubes were cast from each batch and, in each 
case, one cube was compacted by hand in three layers. The first two 
layers each received 50 blows from a 25.4 mm (1") square steel punner 
and the third layer received 100 blows in an attempt to ensure thorough 
compaction. The second cube from each batch was compacted with a 'Kango* 
hammer applied under pressure. All cubes were trowelled off with a 
steel float.
It was observed that in the case of cubes compacted by means of the 
'Kango* hammer and which contained more than approximately 9^ resin 
composition, resin mortar was squeezed from the mould; the greater the 
fluidity of the mix the greater the amount of mortar squeezed from the 
mix.
It was further observed that with less than 8^ resin composition 
added to the dry materials, the resulting mix was too dry for 
satisfactory workability and compaction.
5.8 Test Procedures: (Test Series 9)
All specimens were weighed and tested in compression seven days 
after mixing precisely as in previous tests and the results are 
tabulated as follows:-
TABLE 12
Batch Specimen %  Resin + Density Compressive Strength
No. No. Hardener Mg/m^ lb/ft3 MN/m^ Ibf/in^
1 2.26 141.25 93.0 13,500
1 IK ; 7 2.30 143.39 93.0 13,800
2 2.25 140.13 94.3 13,700
2 2K 8 2.29 143.10 104.0 15,100
3 2.23 139.32 97.0 14,100
3 3K 9 2.28 142.02 105.0 15,200
4 2.24 140.13 99.0 14,400
4 4K 10 2.25 140.40 93.0 13,300
5 2.20 137.43 97.0 14,100
5 5K 11 2.22 138.51 97.3 14,150
6 2.17 133.34 92.0 13,300
6 6K 12 2.18 133.81 92.0 13,300
7 2.18 136.20 90.0 13,000
7 7K 13 2.20 137.10 92.0 13,300
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Discussion of Results
At the point of failure under compressive load, the surface of the 
cubes developed a mottled, crazed appearance and an increase in load 
caused vertical splitting throughout the specimens.
In Figure 11 graphs have been plotted indicating the density and 
compressive strength variation related to the percentage resin 
composition to dry materials by weight. It will be observed that for 
the given 1:2:4 mix, the optimum resin binder content is 10^ by weight 
of dry materials for the hand compacted cube and approximately 8.5^ for 
the 'Kango* hammer compacted cube.
In view of the above results it was decided to adopt the 1:2:4 
mix used in this series of tests for all subsequent tests.
5*9 Preparation of Specimens: (Test Series 10)
Following Test Series 9, it was decided to cast further specimens 
containing 10^ resin plus hardener by weight of dry materials in order 
to (a) check the compressive strength and (b) determine the value of 
the modulus of elasticity.
In error 2.00 kg (4.4 lb) excess 10 mm (§”) gravel was included 
in the mix which was as follows:-
1.700 kg limestone dust
3.400 kg sand
8.800 kg gravel
0.970 kg *Epikote* 828 resin
0.220 kg ’Epikure' 112 hardener
Thus the resulting mix was 1:2:5*15 (limestone dust:sand:10 mm 
(i") gravel) by weight.
From this mix were cast 2 - 101.6 x 101.6 x 254 mm (4” x 4" x 10") 
long prisms identified as PI and P1K and 1 - 101.6 mm (4") cube 
identified as Cl. As before the suffix K indicates that the specimen 
was /Kango* hammer compacted; other specimens were hand compacted.
This batch had a 'lean' appearance and was difficult to compact, 
confirming that the chosen mix of 1:2:4 gives a good practical mix.
An additional mix was batched as before except that this time
6.6  kg (not 8 .8 kg as used previously) of gravel were added to give a
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true 1:2:4 mix. From this batch were made 2 - 101.6 ram (4") cubes 
identified as 02 and 03 and 1 - 101.6 x 101.6 x 2^4 mm (4" x 4" x 10") 
prism identified as P2.
3.10 Test Procedures: (Test Series 10)
As in previous Test Series, the specimens were tested seven days 
after casting - the cubes to determine the compressive strength and 
the prisms to enable the modulus of elasticity to be determined.
Discussion of Results
The densities and compressive strength of the cubes are shown in 
the following table:-
TABLE 13
Specimen
No.
Density Compressive Strength
lb/ft3 MN/m^ Ibf/in^
Cl 2.18 136.32 82.4 12,000
02 2.23 139.06 96.5 14,000
03 2.22 138.76 93.8 13,600
In Appendix VIII, Table 1, 2 and 3i the average values of strains
measured on all four faces of the specimen for corresponding stresses
are tabulated. From these results the graphs shown in Figures 12, 15
and 14 were plotted and the following values of the modulus of elasticity
determined for each specimen tested:-
TABLE 14
Specimen
No.
Values of Modulus of Elasticity
GN/m^ Ibf/in^
PI 24.33 3.36 X 10&
P1K 27.37 3.97 X lof
P2 23.79 3.74 X 10^
Although the mix from which specimens C1, PI and P1K were cast 
was incorrectly batched and compaction proved difficult, the compressive 
strength of the cube and the modulus of elasticity determined for the 
prisms were of a relatively high order.
It would seem that the 1:2:4 mix containing 10^ resin composition 
was satisfactory. The repeat compression test on the 101.6 mm (4")
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Figure 12. Test Series 10 - Modulus of Elasticity of
Limestone Dust, Sand and Gravel (1:2:5*18)
plus 'Epikote' 828 (Specimen Pi)
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Figure 14. Test Series 10 - Modulus of Elasticity of
Limestone Dust, Sand and Gravel (1:2:4)
plus 'Epikote' 828 (Specimen P2)
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P late 4 . Resin Concrete specimen showing surface crazing  
afte r compression test.
cubes (C2 and C3) made from this mix gave results comparable with that 
obtained for similar specimen No* 4 in Test Series 9; the average 
compressive stress at failure for the three cubes tested was 96*5 MN/m^ 
(14,000 Ibf/in^).
The modulus of elasticity for the prism made from this mix i.e. 
25*79 GN/m^ (3*74 X 10^ Ibf/in^) compares I favourably with that of 
a good quality Portland cement concrete.
Since the modulus of elasticity of the prism compacted by 'KangoV 
hammer (Specimen No. P1K) was little different from that determined 
for the hand compacted prism (Specimen No. Pi) it was decided not to
prepare a 'Kango' compacted prism from this series.
5*11 Preparation of Specimens: (Test Series 11)
The results of Test Series 9 and 10 showed that the 1:2:4 mix
(limestone dust:sand and 10 mm (^") gravel) with 10# resin binder was 
satisfactory and practical. In order to ascertain whether the physical 
properties of this mix could be substantially improved, it was decided 
to make a further attempt to include carbon fibre reinforcement in the 
mix.
A 101.6 X 101.6 X 254 mm (4" x 4" x 10") long prism was cast 
using the same mix as in Test Series 10 (correctly batched) but with 
the inclusion of carbon fibres as follows:-
0.800 kg limestone dust
1.600 kg sand
3*200 kg gravel
0.456 kg 'Epikote' 828 resin
0.104 kg 'Epikure' 112 hardener
0.112 kg carbon fibres 13 mm (-^ ") long
The carbon fibre content was 2# by weight of dry materials or
2.07# of the total volume of the mix.
By inspection the inclusion of the carbon fibres caused the mix 
to be too dry and the resin composition was increased to 12# by weight 
of dry materials i.e. 0.0912 kg 'Epikote' 828 and 0.0208 kg 'Epikure' 
112 were added; this reduced the volumetric fraction of the carbon 
fibres to 2.0#.
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5*12 Test Procedures: (Test Series 11)
In accordance with previous test procedures, the prism was 
subjected to compressive loading seven days after mixing and strain 
readings were taken on all four faces. The average of these strain 
readings for corresponding stresses are tabulated in Table 1, Appendix 
IX and plotted in Figure 15.
Discussion of Results
Although the modulus of elasticity of 26.2 MN/m^ (3-8 x 10^ Ibf/in^) 
was satisfactory, the mix was difficult to compact even with the addition 
of 2# resin composition. The result indicated that the inclusion of 
carbon fibres served no useful purpose as the modulus of elasticity 
was little different from that obtained for the 1:2:4 mix with 10# 
resin composition and no carbon fibres included. Furthermore, 
indications were that the carbon fibres tended to break down during 
the mixing process as in Test Series ?•
5*13 Preparation of Specimens: (Test Series 12)
Having established the value of the compressive strength and 
modulus of elasticity of the 1:2:4 mix with ID# resin composition binder 
content, consideration was given to the dynamic modulus of elasticity 
and flexural strength of specimens cast from this mix.
A 101.6 X 101.6 X 508 mm (4" x 4" x 20") long prism was cast from 
the following batch:-
0.850 kg limestone dust 
1.700 kg sand
3.400 kg 10 mm (|^ ") gravel 
0.485 kg 'Epikote* 828 resin
0.110 kg 'Epikure' 112 hardener
The density of the specimen was calculated to be 2.2 Mg/m^
(137.4 Ib/ft^).
5.14 Test Procedures: (Test Series 12)
As in Test Series 7i the specimen was subjected to longitudinal 
vibration in accordance with B.S.188I: Part 5: 1970, Methods of Testing 
Concrete and the resonant frequency determined. For this purpose the 
specimen was supported centrally on each longitudinal face in turn.
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Figure 15* Test Series 11 - Modulus of Elasticity of 
Limestone Dust, Sand and Gravel (1:2:4) 
with ’Epikote' 828 plus Carbon Fibres
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The flexural test on the specimen was carried out on a simply 
supported span of 4o6 mm (16") also as in Test Series 7-
After loading to failure in flexure, three equivalent 101.6 mm 
(4") cube tests were carried out on the broken portions of the specimen.
Discussion of Results 
, (a) Dynamic modulus of elasticity;
The average of four readings gave a resonent frequency
of 3*75 kHz (3-75 kc/s) from which the dynamic modulus of
P 6 P
elasticity was calculated to be 31-92 GN/m (4.63 x 10 Ibf/in ) 
As expected this value exceeds that determined for the
1;2-J:3 ('Epikote' 828;sand:gravel) mix used in Test Series 7
i.e. 28.61 GN/m^ (
(b) Flexural strength:
4.15 x 10^ Ibf/in^).
2The stress at failure was calculated to be l8.4l MN/ra 
(2,670 Ibf/in^) compared with 15.17 MN/m^ (2,200 Ibf/in^) 
for the 1:2^:5 mix used in Test Series 7-
As before the mode of failure was sudden.
(c) Equivalent cube strength:
From the compression tests carried out on the three 
specimens, an average stress at failure was found to be
91.01 MN/ra^  (13,200 Ibf/in^).
The above results were judged to be very satisfactory but the 
sudden mode of failure in flexure indicated that, in practice, some 
form of nominal reinforcement would be necessary in order to give 
adequate warning of failure.
5.15 Preparation of Specimens: (Test Series 13)
In an attempt to prevent sudden failure in flexure, it was decided 
to incorporate nominal reinforcement in a 101.6 x 101.6 x 508 mm 
(4" X 4" X 20") long prism cast from a mix identical to that used in 
Test Series 12.
It was realised that the inclusion of any reinforcement might 
increase the failure load; to minimise any such increase so that test 
results could be directly compared with those obtained in Test Series 12,
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oit was decided to use a small mesh chicken wire.
In order that the reinforcement should be in the tension zone 
when the prism was under load and to prevent the necessity of the 
load being applied to a trowelled surface, the chicken wire (13 mm 
(■J") mesh) was placed vertically in the mould and so disposed that 
approximately 19 mm (^ -") cover was provided.
The density of the specimen was calculated to be 2.22 Mg/m
(138
3.16 Test Procedure: (Test Series 13)
The dynamic modulus of elasticity and flexural strength were 
determined in the same manner as Test Series 12.
Discussion of Results
(a) Dynamic modulus of elasticity:
The average of four readings gave a resonent frequency 
of 3 .7 9 kHz (3.79 kc/s) from which the dynamic modulus of
P 6
elasticity was calculated to be 32-82 GN/m (4.76 x 10 
Ibf/in^) compared with 31-92 GN/m^ (4.63 % 10^ Ibf/in^) for 
the unreinforced specimen in Test Series 12.
(b) Flexural strength:
The stress at failure was calculated to be 21.17 MN/m 
(3,070 Ibf/in^) compared with l8.4l MN/m^ (2,670 Ibf/in^) 
for the unreinforced specimen in Test Series l4 and, once 
again, the mode of failure was sudden.
The density and the value of the dynamic modulus of elasticity 
are comparable with those obtained in Test Series 12 but the flexural 
strength was increased by 2.76 MN/ra^  (400 Ibf/in^), i.e. by 13#- This 
may have been due.to the inclusion of the chicken wire reinforcement.
The reinforcement chosen was obviously unsuitable as the mode of 
failure was again sudden. If the chicken wire had been treated with a 
releasing agent before being placed in the mould, it might possibly 
have been more effective in preventing sudden failure. However, this 
would hardly be a practical proposition outside the laboratory. An 
alternative solution might well be to provide a fibrous material such 
as polypropolene which, whilst not necessarily increasing the flexural 
strength of the resin concrete, would perhaps hold the material together
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at the moment of failure.
From the structural point of view the question of sudden failure 
is obviously important and should be the subject of further investigation,
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CHAPTER 6 
Strength/Age Characteristics
Resin concrete, consisting of 1:2:4 limestone dust, sand and 
10 mm (■^ ") gravel with 10^ by weight resin composition binder content, 
seemed to possess the strength and elastic properties required of a 
structural material and it was decided, therefore, to carry out further 
tests on this mix, inter alia to determine to what extent the strength 
increased (or decreased) with age.
6.1 Preparation of Specimens: (Test Series 14)
12 - 101.6 mm (4") cubes were made from three batches, the mix 
of each batch being 1:2:4 (limestone dust:sand;gravel) with 10^ (by 
weight of dry materials) resin composition added. All specimens were 
hand compacted in similar fashion to previous tests.
The constituents of each batch were as follows:-
1.275 kg limestone dust 
2.550 kg sand
5.100 kg 10 mm (§") gravel 
0.728 kg 'Epikote' 828 resin 
0.165 kg 'Epikure' 112 hardener
6.2 Test Procedure: (Test Series l4)
Using the Denison T60 machine, as in previous tests, pairs of 
cubes were tested in compression at intervals of 1, 2, 4, 7 , l4 and 28 
days respectively after casting.
The respective densities and compressive strengths of the specimens 
are recorded in the following table:-
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TABLE 15
Batch
No.
Specimen
No.
Density No. of Days 
Between Mixing 
and Testing
Compressive Strength
Mg/nP lb/ft 3 MN/m^ Ibf/inZ
2 1A 2.29 143 1 73.7 10,700
2 1B 2.27 142 1 7I-O 10,300
3 2A 2.30 144 2 88.4 12,800
3 2B 2.23 139 2 83.5 12,400
2 3A 2.25 140 4 91.7 13,300
2 3)3 2.28 142 41 ■ 95.2 13,800
3 4a 2.26 l4l 7 88.9 12,900
3 4b 2.28 142 7 89.6 13,000
1 3A 2.25 140 14 93.8 13,600
1 5B 2.25 . 140 14 95.8 13,900
1 6A 2.24 140 28 93.0 13,300
1 6b 2.22 138 28 88.3 12,800
Discussion of Results
In Figure 16 the average compressive strengths of the cubes have 
been plotted against the number of days which elapsed between mixing 
and testing the specimens.
It will be observed that the mix rapidly developed its working 
strength in approximately three days and that there is little change 
in strength after that time.
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CHAPTER 7
Creep Characteristics
As little or no knowledge of the creep characteristics was 
available, it was considered desirable to carry out a series of tests 
sufficient to enable a comparison to be made between the creep of 
resin concrete with that of a good quality Portland cement concrete.
7.1 Preparation of Specimens; (Test Series 15)
(a) 2 - 101.6 X 101.6 X 254 ram (4" x 4*' x 10") long prisms,
identified as Specimens Nos. 1 and 2, were made from two 
batches, the mix used being the same as that used for Test
Series l4 i.e. 1:2:4 (limestone dust : sand:10 mm (§") gravel
with 10^ (by weight of dry materials) resin composition added.
The constituents of each batch were as follows:- 
0.800 kg limestone dust
1.600 kg sand 
3.200 kg gravel 
0.456 kg ’Epikote’ 828 resin
0.104 kg ’Epikure’ 112 hardener
(b) l4 days after casting Specimens Nos. 1 and 2, two
additional Specimens Nos. 3 and 4 were cast from an identical 
mix to that used previously and the same size as Specimens 
Nos. 1 and 2.
(c) l4 days after casting Specimens Nos. 3 and 4 an additional
Specimen No. 5 was made from an identical mix and of the same 
dimensions as Specimens Nos. 1 and 2, together with 2 - 101.6 ram 
(4") cubes.
(d) At a later date and using a fresh supply of ’Epikote’ 828
resin and ’Epikure' 112 hardener, three additional batches of
material of the same mix as for (a), (b) and (c) above were
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used to cast the following specimens:-
Batch No* 1 •• .. 4-101.6 ram (4") cubes identified as
1A; IB; 1C and ID respectively and
2 - 101.6 X 101.6 X 254 mm (4" x 4" x 10") 
long prisms identified as Specimens 
Nos. 6 and ?.
Batch No. 2 .. •• 2 - 101.6 mm (4") cubes identified as
2A and 2B respectively and
2 - 101.6 X 101.6 X 254 mm (4" x 4" x 10") 
long prisms identified as Specimens 
Nos. 8 and 9.
Batch No. 3 .. . 1 - 101.6 x 101.6 x 508 mm (4" x 4" x 20")
long beam.
In all cases specimens were hand compacted as in previous
tests.
7.2 Test Procedure : (Test Series 15)
(a) Creep tests were carried out in a generally controlled
atmosphere of 20°C (- 2°C).
Specimen No. 1 was used initially as a control i.e. 
unloaded but subjected to the same temperature eind humidity 
conditions as the loaded specimens.
7 days after casting, Specimen No. 2 was subjected to a 
constant pressure of 8*35 MN/m^|(l210^1bf/in^^;applied through a 
hydraulically operated piston at the base of the specimen; the 
top of the specimen was retained by a fixed head in the loading rig.
Surface strain readings were taken on two opposite faces 
(X and y) of the control Specimen No. 1 and on three faces 
(X, Y and Z) of the loaded Specimen No. 2. For this purpose 
a 101.6 mm (4") Demec extensometer was used.
Because of the design of the loading rig, it was not 
possible to take strain readings on the fourth face of the 
loaded specimen. However, from inspection of Table 1,
Appendix X, it will be noted that the strain readings vary 
very little from one face to another, so that the fact that
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readings were not taken on the fourth face was not considered 
to be a serious disadvantage as the effect on the average 
strain would be negligible.
Specimen No. 2 was subjected to constant stress for a 
period of l4 weeks, strain readings being taken at frequent 
intervals initially and less frequently at later stages in 
the test.
Results of this test are recorded in Tables 1 to 26, 
Appendix X, and shown plotted in Figure 1?.
(b) 14 days from the commencement of the test on Specimen
No. 2, Specimen No. 4 was subjected to the same stress conditions 
as Specimen No. 2 (with Specimen No. 3 used as control) and 
strain readings were taken in the same manner to those for 
Specimen No. 2.
Results are shown plotted in Figure 17.
(c) 28 days from the commencement of the test on Specimen
No. 2, Specimens Nos. 3 and 5 were subjected to the same loading 
conditions as Specimen No. 2 and Specimen No. 1 used as the 
control.
Although Specimen No. 5 was made 28 days after Specimen 
No. 1 it was considered that the shrinkage and temperature 
effects on Specimen No. 1 would be negligible when considering 
the creep of Specimens Nos. 3 and 3. Strain readings were 
taken as before and the results are plotted in Figure 17.
The two 101.6 mm (4") cubes made from the same mix as
Specimen No. 5 were subjected to compressive loading in the 
same manner as for similar cubes in Test Series 9 and the 
following results were recorded:-
Density Compressive Strength
Cube No. i - 2.22 %/m^ (138 lb/ft3) 
Cube No. 2 - 2.20 Mg/ra3 (137 Ib/ft^)
98.4 MN/m^ (14,300 Ibf/in^) 
98.3 MN/m^ (14,300 Ibf/in^)
(d) 7 days after casting. Specimens Nos. 6, 7 and 8 were
subjected to the same constant stress conditions as the other
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specimens alreac^ under test and strain readings taken in 
like manner.
In this case Specimen No. 9 was used as the control.
The six cubes cast from the same batches as the prisms 
were subjected to compressive loading in similar manner to 
the cubes referred to in 7 .2 (c) and the following results 
recorded:-
TABLE 16
Batch Cube Density Compressive Strength
No. No.
%/m3 Ib/ft^ MN/m^ Ibf/in^
1 2.22 138 97.3 14,000
2 2.23 139 96.0 13,900
1
3 2.23 139 98.2 14,200
k 2.22 138 101.4 14,600
5 2.23 139 100.0 14,500
2
6 2.23 139 99.4 l4,4oo
(e) The 101.6 X 101.6 X 508 mm (V X 4” X 20”)
made from Batch No. 3 referred to in 7.1 (d) was tested in 
flexure, as in Test Series 7, and the stress at failure was
calculated to be 19.18 MN/ra^  (2780 lbf/in^).
Discussion of Results
It will be observed from the creep curves shown in Figure I6 that, 
although all specimens were made of the same mix, the results indicated 
that the rate of creep for Specimens Nos. 4 and 5 was considerably 
greater than that for Specimen No. 2.
The creep recorded for Specimen No. Ï  was the lowest of the four 
specimens made from the batches containing the original resin composition 
yet it was made at the same time as Specimen No. fâ. The following 
observations are submitted as possible reasons for what would appear 
to be anomalies
1. Consultations with the manufacturers revealed that
although the resin was extremely unlikely to absorb moisture 
from the atmosphere, the same could not be said for the 
hardener.
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The resin and hardener containers had been unsealed 
for several weeks and the screw caps removed- and replaced 
on many occasions. Thus the hardener could have been exposed 
to the atmosphere for periods sufficient for the absorption 
of moisture which would bring about a chemical reaction 
preventing the proper linkage of the chains of molecules and 
thus causing a deleterious effect on the hardening properties 
with a resultant reduction in strength.
2. Specimen No. 4 was made 14 days after Specimen No. 2
and thus the hardener used in making Specimen No. 4 had a 
longer period of exposure for the possible absorption of 
moisture and thus the hardenening properties could have been 
impaired. Similarly, Specimen No. 5 which was made 14 days 
after Specimen No. 4 could have absorbed even more moisture 
with a consequent retarding effect on the hardening process.
3* The reasons suggested for the creep of Specimens Nos. 4
and 5 being greater than that for Specimen No. 3 would appear
to be illogical when considering this latter specimen - the
last to be loaded. It will be appreciated, however, that 
Specimen No. 3 was made the same day as Specimen No. 4 but 
was not loaded until l4 days after Specimen No. 4 and thus 
had 14 days longer to harden.
Although Specimen No. 3 was made 28 days after Specimen 
No. 2 and thus a longer period elapsed for the possible
moisture absorption of the hardener, the fact that Specimen 
No. 3 was not loaded until 21 days after being made allowed 
a longer period for hardening to take effect with consequent 
less creep.
4. Although Specimen No. 5 gave the greatest creep, two
cubes made from the same mix and at the same time as Specimen
p
No. 3 failed under a compressive stress of 98.4 MN/m 
(14,300 Ibf/in^) and 98.3 MN/m^ (14,300 Ibf/in^) respectively. 
These results compared very favourably with those obtained 
from an identical test on a cube made some months previously 
from the same mix and curing period before testing (see Test 
Series 9, Specimen No. 4) where the compressive stress at
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failure was 99.0 MN/m^ (14,400 lbf/in^). In both cases, 
however, inspection of the fractured cubes indicated an 
aggregate failure. Thus it is reasonable to suppose that, 
in the case of Specimen No. 5, although complete hardening 
of the resin composition may not have taken place, yet it 
was still stronger than the aggregate which governed the 
ultimate strength of the cubes.
The compression tests carried out on the six cubes made at the 
same time as Specimens Nos. 6, 7 and 8 gave consistent results which 
again compares favourably with earlier tests made on similar cubes.
Similarly the result of the flexural test carried out on the beam 
made at the same time as Specimens Nos. 6, 7 and 8 i.e. a stress at
2
2 ?
failure of 19.18 MN/ra (2,780 Ibf/in ) compares favourably with that
obtained in Test Series 12 where the stress at failure was l8.4l MN/m
(2,670 Ibf/in^).
The creep strain per unit stress (specific creep) for good quality 
tes has a value of 57 ti 
microstrain per Ibf/in^)
concre o 1l4 microstrain per MN/m^ (0.4 to 0.8
Hence for a stress of 10 MN/ra (1,450 Ibf/in^) an acceptable value 
for specific creep would be 570 to 1l40 microstrain. The curve for 
Specimens Nos. 6 , 7 and 8, which has been plotted from the average creep 
strain recorded for each specimen, indicates that for the mix of resin 
concrete selected the creep strain is extremely low and well within 
acceptable limits. Nevertheless this result, although favourable, must 
be treated with reservation; before drawing any definite conclusions 
it would be necessary to carry out additional tests on similar specimens 
but subjected to higher constant stresses. It should then be possible 
to ascertain the relationship between stress and creep strain for resin 
concrete and to draw a comparison with that for normal Portland cement 
concrete.
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CHAPTER 8
Volumetric Fractions
Throughout this investigation mix proportions were determined by 
weight, this being normal practice in concrete technology because 
batching of materials on site is more accurate and convenient by weight 
than by volume. Weight proportions allow reasonable comparison to be 
made when the constituent materials have similar relative densities, but 
the use of lightweight aggregates having relative densities of less 
than unity and heavy aggregates having values of about 4.0 has emphasized 
the severe limitations of proportioning by weight
Bearing in mind that in the present investigation the relative 
density of the resins used was 1.11 and that of the carbon fibres was 
1.90, whereas the relative density of the sand, limestone dust and 
aggregates ranged between 2.35 and 2.70, it was felt that consideration 
of the constituent materials on a volumetric basis might produce more 
meaningful information. This is especially so in view of the wide range 
of types of fibre in current use, particularly steel fibres which have a 
relative density of 6.8 and where a comparison of fibre content in terms 
of weight would be totally lacking in meaning.
Referring therefore to the preliminary investigation, which dealt 
with resin mortars (Chapter 4.4) and considering the 1:3 polyester resin/ 
sand mix, in terms of volumetric fractions the polyester resin fraction 
can be determined as follows
Mr
V
RDr
RD RD 
r 8
where V = volumetric fraction of resin
r
M = mass of resinr
M = mass of sands
RD^ = relative density of resin
RD^ = relative density of sand
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Thus, considering the 1:3 mix and the respective quantities of 
materials used in Test Series 2,
500
V 1.11
I"   .
1.11 + 2.55
^ = 453
453 + 588
0.434
Thus, the volumetric fraction of the polyester resin in the 1:3 
mix was 43.4# whereas, when considered in terms of weight, the resin 
content was 25# of the total weight of the mix.
Similarly it can he shown that when considering the polyester resin/ 
sand/carbon fibres mix in Test Series 2 the volumetric fraction of the 
resin was 49.6# and that of the carbon fibres was 4.l4# of the total 
volume of the mix. Considered in terms of weight, the polyester resin 
content was 30.4# and the carbon fibres 4.34# of the total weight of the 
mix.
The quantity of carbon fibres used was small compared with the 
other constituent materials so that whether one considers the carbon 
content in terms of weight or volume makes little significant difference. 
The resin content, however, is another matter; considered in terms of 
volume, practically half the mix is resin whereas in terras of weight 
the resin content is less than one-third.
Referring to Chapter 4, Test Series 4, and the epoxy resin/sand/ 
carbon fibres mix, the volumetric fractions of the resin composition 
and carbon fibres (determined in accordance with the foregoing procedure) 
are 31.2# and 0.8l# respectively. When considering the content in 
terms of weight, the resin composition weighs 18.52# and the carbon 
fibres 0.74# of the total weight of the constituent materials.
In Test Series 9 (Chapter 5) it was found that the inclusion of 
10# resin composition, by weight of dry materials, in the 1:2 :4 (limestone 
dust: sand:gravel) mix was the mix to be preferred. In terms of volumetric 
fractions the following percentages would apply:-
limestone dust - 10.0#
sand - 21.5#
gravel - 46.4#
resin composition - 22.1#
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It will be observed that although in Test Series 9 the resin 
composition was 10# by weight of the dry materials, when considered , 
as a volumetric fraction of the total mix the percentage is 22.1#
8.1 Modulus of elasticity considered relative to volumetric fractions 
(29)
Dantu established general relations for the average stresses
at any point in a concrete specimen in terms of the elastic parameters, 
including Poisson*s ratio^and the constituent volumetric fractions.
By assuming Poisson*s ratio for the aggregate and paste matrix are 
both zero, Dantu's expressions reduce to the following upper and lower 
bound relations for the elastic moduli of concretei-
Upper Bound for uniform strains, E  = E V + E V
c p p a a
. V V
Lower Bound for uniform stresses, -=r~* = — ~
Model simulation 
of these conditions 
is shown in Fig. 18E E Ec p a
where E = modulus of elasticity of concrete 
. c
E = modulus of elasticity of cement paste 
P
E^ = modulus of elasticity of aggregate
Vp = volumetric fraction of cement paste
- volumetric fraction of aggregate
Hansen  ^considered that in concretes made with natural aggregates
i.e. hard particles in a soft matrix, the elastic moduli conformed more 
closely with the lower bound solution where the stresses are uniform 
throughout. On the other hand he suggested that in concretes made with 
lightweight aggregates i.e. soft particles in a hard matrix the elastic 
moduli conformed more closely with the upper bound solution i.e. where 
the strains are uniform throughout.
Applying the above theories to the resin concretes and mortars,
E = E V + E V for upper bound condition and c r r  a a
1 \
+ —=r—  for lower bound conditionE E E c r a
where E^ = modulus of elasticity of concrete (or mortar) 
E^ = modulus of elasticity of resin composition 
= volumetric fraction of resin composition 
and other symbols as described previously.
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Cement
Paste Aggregate
Upper Bound Condition 
for Uniform Strains
Cement Paste
Aggregate
Lower Bound Condition 
for Uniform Stresses
Note:- In the present investigation resin composition is 
substituted for the cement paste shown above
Figure 18 - Simulation of Upper and Lower Bound Conditions
- 99 -
Limestone varies in hardness and thus the modulus of elasticity 
can also vary. Hosking made determinations for two different
types of limestone and found the modulus of elasticity to be 78.0 GN/m^
(11.3 X 10^ Ibf/in^) and 7 ^ .5 GN/ra^  (10.8 x 10^ Ibf/in^ respectively.
(35)These values are not dissimilar to those adopted by Newman for
P  ^ p
sand and gravel, that is 74.3 GN/m (10.8 x 10 Ibf/in ) and, for the 
purposes of applying Dantu*s theories, this latter value has been 
adopted for all the aggregates used in the present investigation.
Where the resin compositions are concerned, values for the moduli 
of elasticity have been taken as those determined in the preceeding 
tests. Substituting the appropriate values for the moduli of elasticity 
and volumetric fractions in Dantu*s equations, the graphs for the upper 
and lower bound conditions have been drawn as shown in Figure 19.
Recorded in the following table are the volumetric fractions 
for the aggregates used in the polyester and epoxy resin mortar and 
concrete mixes considered in this investigation, excluding those 
containing fibres.
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TABLE 17
Mix
Mix by 
Weight
Test 
Series 
Ref. No.
Volumetric
Fraction
Modulus of Elasticity
GN/m^ Ibf/in^
Polyester
Sand
1
3
2
0.434
0.366 10.13 1.47 X 10^
*Epikote* 180 
Sand
1
3
3
0.433
0.367 1.03
0 .13 X 10^
*Epikote' 180 
Sand
1
5 3
0.314
0.686 2.62 0.38 X 10^
*Epikote* 180 . 
Sand
1
6 3
0.276
0.724 1.10 0.16 X 10^
»Epikote* 828 
Sand
1
5
k
0.314
0.686 14.01 2.03 X 10^
*Epikote' 828 
Sand
19'nun (J") gravel
1
2 i
5
7
0.230
0.230
0.320
23.44 3 .4 X 10^
*Epikote* 828 
Limestone dust 
Sand
10 mm (|-**) gravel
1
2
5.15
10
0.138
0.093
0.197
0.332
24.33 3.36 X 10^
*Epikote* 828 
Limestone Dust 
Sand
10 mm (§") gravel
10^
1
2
4
10
0.181
0.106
0.223
0.488
23.79 3 .74 X 10^
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Referring to Figure 19, it will be observed that the values of 
the modulus of elasticity found for mixes containing *Epikote' l80 
epoxy resin (Test Series 3) fall below the appropriate curve plotted 
for the lower bound condition; this may be due to the fact that mixes 
containing this particulai* resin proved difficult to compact. It will 
be further observed that for mixes containing polyester resin and 
‘Epikote’ 828 epoxy resin, the values of the modulus of elasticity 
found from the appropriate tests (Test Series 2 and 4 respectively) 
tend towards the lower bound condition. This supports Hansen’s theory 
^that hard particles in a soft matrix conform more closely to the 
lower bound condition, but this statement must be treated with reservation 
when considering the present investigation, bearing in mind that a 
limited number of mixes have been considered.
Resin concrete mixes containing carbon fibres have been shown 
elsewhere in this thesis to be unsatisfactory because of the tendency 
for the fibres to break down during the mixing process. Considering 
the mortar mixes, however, which contained carbon fibres, Dantu*s upper 
and lower bound equations have been applied as follows
Let E • = E V + E V for the upper bound condition me m m  c c
1 \  Vg
and — —  = —— - + —g—  for the lower bound condition
me m c
where E^^ = modulus of elasticity of the mortar with carbon fibres added
E = modulus of elasticity of the mortar ro
E .= modulus of elasticity of the carbon fibres
c
V = volumetric fraction of mortar m
V = volumetric fraction of carbon fibres c
Referring to Test Series 2 the value of the modulus of elasticity
for the 'Epikote* 828/sand (1:5) mix was found to be l4.01 GN/m^
(2.03 X 10^ Ibf/in^). Assuming 4l4 GN/m^ (60 x 10^ Ibf/in^) to be the
value of the modulus of elasticity for the carbon fibres as quoted by
(7 )Morganite Research and Development Limited, then a linear graph for
the upper bound condition can be drawn as shown in Figure 20.
Similarly, by selecting appropriate volumetric fractions for the 
carbon fibres in the 1:5 mortar mix and substituting these values in 
in the equation for the lower bound condition, the corresponding curve
— 102 —
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can be drawn as shown in Figure 20.
Assuming that the lower bound condition applies, it will be 
observed that a carbon fibre volumetric fraction in excess of 0 .6  
would be necessary to obtain a substantial increase in the modulus of 
elasticity. Referring to Test Series 4, however, with a carbon fibre 
volumetric fraction of only 0.008 satisfactory compaction was difficult 
to achieve and it was felt that if the amount of carbon fibres had been 
further increased, satisfactory compaction would not have been possible. 
Thus an increase in carbon fibres would necessitate an increase in resin 
content in order to produce a workable mix. The resin itself having a 
low modulus of elasticity would tend to nullify the effect of increasing 
the carbon fibres and to increase the quantity of both these expensive 
materials would be likely to produce an uneconomical mix.
8.2 Compaction of 1:2:4 (limestone dust:sand;gravel)
Referring to the preferred mix of 1:2:4 (limestone dust:sand:gravel) 
with 10$é (by weight of dry materials) resin composition binder content, 
considered in terms of volumetric fractions, the theoretical weigjit of 
the specimen, fully compacted, can be calculated as follows:-
3 3
Volume of specimen =0.00262 ra (l60 ins )
Volume of limestone dust = 0.106 x 0.00262 = 0.000278 w P
Volume of sand =0.225 x 0.00262 = 0.000590 m
3
Volume of gravel = 0.488 x 0.00262 = 0.001280 m
Volume of resin composition = O .181 x 0.00262 = 0.000472 m^
0.00262 nr
. . for complete compaction weights of constituent materials should be:- 
Limestone dust = 0.000278 x 2.7 x 1000 kg = 0.751 kg
Sand = 0.00059 X 2.55 x 1000 kg = I.508 kg
Gravel = 0.00128 x 2.35 x 1000 kg = 3*010 Rs
Resin composition = 0.000472 x 1.11 x 1000 kg = 0.524 kg
5.793 kg
(within the accuracy of the relative densities of the constituent 
materials as adopted in Chapter 3*2)
Weight of specimen = 5*852 kg
Referring to Chapter 3*3, the resin composition absorbed by the 
10 mm (f**) gravel was 1.11# by weight. Thus, in respect of the 1:2:4 
mix under consideration, the resin composition absorbed by the gravel 
= 1.11 X 3.01 = 0.033 kg .*. total weight of constituent materials 
100
- io4 -
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for full compaction should be 5*793 + 0.033 kg = 3*826 kg. Thus the 
difference between the actual weight of the specimen and that calculated 
in terms of volumetric fractions is 5*832 - 3*826 kg = 0.026 kg.
Bearing in mind that the limestone dust and sand would also absorb a 
certain amount of resin composition, it would seem that the amount of 
air entrained in the specimen was negligible and the specimen was, for 
all practical purposes, fully.compacted, lit must be noted, however,I 
that thSi theoretical weight of the. specimen has been.based on a cubic 
capacity of 0,00262 m^ (l60 in^) and. it does not follow that the actual 
specimen, of weight 5*852 kg, had this precise cubic content. In 
trowelling off it is quite possible to slightly over fill the mould, 
Heverless the degree of compactions obtained can be considered satisf act o]^,
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ŒAPTKH 9
Main Conclusions
Detailed conclusions are discussed in the body of the thesis but 
the following main conclusions are drawn from this investigation:-
9.1 Preliminary Investigation
In the preliminary work, mixes containing polyester, *Epikote’ I80 
and ’Epikote* 828 epoxy resin binders were investigated in an attempt to 
produce a mortar having a modulus of elasticity comparable to that of a 
good quality Portland cement concrete. ’Epikote* 828 proved to be the 
most satisfactory and with the inclusion of a small quantity of carbon
2
fibres to a resin/sand (l:$) mix a modulus of elasticity of 22.91 GN/m
6 2(3.32 X 10 Ibf/in ) was obtained although the inclusion of the fibres 
presented compaction difficulties.
An analysis of the volumetric fractions showed that the carbon 
fibre content in the 1:5 mix referred to above was only O.OO8 and to 
achieve a meaningful increase in the modulus of elasticity the volumetric 
fraction would need to be increased to a value in excess of 0.6. For 
the ratio of resin:sand selected, to increase the fibre content to the 
extent suggested would have made satisfactory compaction quite impossible.
As an alternative to carbon fibres, mixes containing asbestos 
fibres were investigated but difficulties experienced in ’’wetting” the 
asbestos with the resin binder prevented satisfactory compaction.
Thus it would appear from the limited tests carried out during the 
preliminary investigation, that for structural purposes resin mortars 
are probably not a practical proposition. Nevertheless, the early tests 
achieved the object of acquiringmixing techniques and generally establishing 
the properties of resin mortars.
9 .2 Main Investigation
(a) Various resin concrete mixes were investigated and that
which produced the best results was a limestone dust/sand/ 10 mm 
(ÿ’) gravel mix in the proportions of 1:2:4 (by weight) 
respectively with the addition of 10^ resin by weight of dry 
materials (22.1^ of the total volume of the mix). The results
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of tests carried out on this mix were as follows:-
Compressive modulus _ ^
of elasticity .. .. 25*79 GN/m" (5.74 x 10 ' Ibf/in )
p
Compressive strength •• 96.5 MN/m'^  (l4,000 Ibf/in )
Flexural strength . . . .  l8.4l MN/m^ (2,600 Ibf/in^)
It is interesting to note that when specimens were 
subjected to compressive loading, at ultimate load the aggregate 
rather than the binder failed. Tests to determine the flexural 
strength revealed that in each case the mode of failure was 
sudden.
(b) Compression tests on the 1:2:4 mix described above
revealed that, under normal room temperature conditions, the 
strength increased rapidly during the first two days after 
casting and full strength was achieved in four days.
(c) Tests to determine the creep strain characteristics of
the 1:2:4 limestone dust/sand/gravel mix indicated that for 
specimens subjected to a constant stress of 8*55 (1210
ibf/in ) for a period of 7 weeks an average maximum creep of 
less than 100 microstrains were recorded. For a good quality 
Portland cement concrete mix subjected to similar stress
(27)
conditions a value of I 475 to 950 microstrains would be 
acceptable.
Anomolous results obtained initially in the creep tests 
revealed that, when mixing the resin composition, it is 
important to use the hardener as soon as possible after 
unsealing containers. It would seem that exposure to the 
atmosphere causes the hardener to deteriorate; although the 
compressive strength of the resin binder may well be developed 
to that of the aggregate, the tendancy to creep is accentuated 
if the hardening process is retarded.
9*3 Generally
This investigation has shown that a resin concrete can be produced 
having a compressive and flexural strength far in excess of that of 
normal Portland cement concrete.
The results of the work carried out to investigate the elastic 
properties of resin concrete showed that it is possible to obtaip a
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modulus of elasticity approaching that of normal concrete.
The strength and elastic properties of the mixes considered 
indicate that, in some cases, it should be possible to construct 
structural elements without the need for steel reinforcement; such 
elements could be of lighter construction thus producing a saving in 
forrawork and necessitating less heavy foundations.
Resins generally and epoxy resins in particular are expensive.
If resin concrete were to be used in conjunction with normal Portland 
cement concrete, that is the resin concrete used in those areas 
where full advantage could be taken of its superior properties, then 
the final structure might well prove not only economical (particularly 
from a maintenance aspect) but generally more satisfactory.
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CHAPTER 10
Suggestions for Further Investigation
This thesis has been concerned with the investigation into the 
properties of a construction material which, it is believed, has 
potential not as a substitute for normal Portland cement concrete but 
rather as a complementary material suitable for specific conditions. 
Obviously before resin concrete could be considered for use in common 
practice, much research would be desirable in order to have a thorough 
understanding of its properties and the following items would seem to 
deserve investigation:-
1. The high flexural strength culminated in violent 
failure. An unsuccessful attempt was made to hold the 
material together at the moment of failure with a very light 
steel mesh; it might well be that the use of a fibrous 
material such as polypropylene would be satisfactory for this 
purpose. Whatever material is used it must obviously be 
chemically compatible and bond indifferently to the resin 
binder. Alternatively, whatever material was used could be 
de-bonded with a suitable agent. In practice de-bonding would 
not be particularly desirable, as this would entail an 
additional operation and, short of ensuring rigid supervision, 
there would be no guarantee that it had been carried out 
properly.
( 3 )2. Lavie, Lerchenthal and Spira showed that epoxy resin 
concrete bonds satisfactorily both mechanically and chemically 
with Portland cement concrete. The present investigation has 
indicated that it is possible to produce an epoxy resin 
concrete having favourable flexural strength properties; it
is suggested, therefore, that in the interests of economy, 
tests should be carried out to examine the merit and 
feasibility of continuous composite beams constructed of 
Portland cement concrete in the compression zones and epoxy 
resin concrete in the tension zones. Alternatively, advantage 
might lie in precast units similar in shape to rolled steel 
sections.
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3. The water and chemical resistance of resin concrete
ought to be investigated for the range of mixes likely to 
be used for structural applications in order to verify or 
otherwise the claims made in this respect.
4. The present investigation showed that for the mixes
selected, in no case were there indications that a bond 
failure occurred between the binder and coarse aggregate; 
it was the aggregate itself that failed. If aggregates 
having greater strength were used, it is reasonable to assume 
that even greater flexural and compressive strengths might be 
obtained. It is suggested, therefore, that investigation 
involving the use of various aggregates might be advantageous.
5- Epoxy resins have been used for the main study in this
investigation; less expensive resins are marketed and it is 
suggested that mixes, including those which have been considered, 
with alternative resin binders could be usefully investigated.
6. Shear, direct tension strengths and tensile modulus of
elasticity have not been dealt with in this investigation and 
could be subjects for further research.
7* One of the most serious objections to the use of resin
concrete in buildings is the doubtful fire resisting qualities.
It may well be that this problem could be overcome in some 
instances with the use of permanent, fire resisting formwork 
in the case of insitu construction. Alternatively, other 
suitable fire protection could be provided similar to that 
used for structural steelwork. Nevertheless, information 
regarding the fire resistance of resin concrete is very necessary 
and ought to be investigated.
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APPENDIX I Test Series 1
TABLE 1 Polyester Resin only (Specimens *A*)
Stress Microstrain
MN/mZ Ibf/in^
0.76 110 1500
1.06 154 2100
1.21 176 2800
1.97 286 3800
2.58 374 4600
3.79 550 5800
4.24 616 6200
4.85 704 6500
5i61 814 6900
6.67 968 7300
8.18 1188 7600
TABLE 2 Polyester Resin and Sand (1:3) (Specimens »B»>
Stress Microstrain
MN/mZ Ibf/in^
0.61 88 500
0.91 132 800
1.21 176 1000
1.52 220 1100
1.97 286 1250
2.58 374 1400
2.89 418 1600
3.49 506 1800
4.10 594 1900
4.86 704 2000
5.16 748 2080
5.77 836 2140
6.22 902 2200
6.67 968 2400
7.27 1056 2500
7.89 1144 2620
9.26 1342 2900
9.86 1430 3000
10.61 1540 3120
11.21 1628 3240
11.82 1716 3400
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APPENDIX I (cont»d)
TABLE 3 1/Polyester Resin, Sand (1:2 7 ) and Carbon Fibres
Stress Microstrain
MN/m^ Ibf/in^
0.76 110 670
1.06 154 870
1.97 286 1230
2.42 352 1470
2.89 418 1670
3.49 506 1870
3.94 572 2000
4.55 660 2120
5.16 748 2270
5.77 836 2400
6.22 902 2480
6.67 968 2570
7.27 1056 2670
7.74 1122 2730
8.34 1210 2800
8.80 1276 2870
9.55 1386 2930
9.86 1430 2970
10.61 1540 3030
11.21 1628 3080
11*90 1738 3130
12.59 1826 3210
13.04 1892 3270
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APPENDIX II Test Series 2
TABLE 1 Polyester Resin only (Specimens »A*)
Stress Microstrain
MN/m^ Ibf/inZ
2.07 300 537
2.76 400 745
3.45 500 966
4.13 600 1177
4.82 700 1400
5.51 800 1631
6.20 900 1873
6.90 1000 2031
7.59 1100 2246
8.28 1200 2469
8.97 1300 2670
9.66 1400 2900
10.34 1500 3120
TABLE 2 Polyester, Resin and Sand (1:3) (Specimens *B')
Stress Microstrain
MN/m^ Ibf/inZ
2.07 300 206
2.76 400 278
3.45 500 316
4.13 600 366
4.82 700 436
5.51 800 509
6.20 900 612
6.90 1000 654
7.59 1100 725
8.28 1200 800
8.97 1300 870
9.66 1400 944
10.34 1500 1010
11.02 1600 1086
11.71 1700 1106
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APPENDIX H  (cont'd)
TABLE 3 1/Polyester Resin, Sand (1:2 7 ) and Carbon Fibres
Stress Microstrain
MN/mZ Ibf/inZ
2.07 300 133
2.76 400 148
3.45 500 193
4.13 600 218
4.82 700 237
5.51 800 283
6.20 900 328
6.90 1000 374
7.59 1100 418
8.28 1200 464
8.97 1300 514
9.66 1400 552
10.34 1500 599
11.02 1600 647
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APPENDIX III Test Series 4
TABLE 1 Epoxy Resin only (Specimens *A*)
Stress Microstrain
MN/mZ Ibf/inZ
1.73 250 180
3.45 500 365
5.17 750 550
6. 90 1000 740
8.63 1250 925
10.34 1500 1115
12.07 1750 1300
13.80 2000 1490
15.53 2250 1675
17.25 2500 1855
TABLE 2 Epoxy Resin and Sand (1:5) (Specimens »C*)
Stress Microstrain
MN/mZ Ibf/in^
3.45 500 80
5.17 750 130
6.90 1000 180
8.63 1250 230
10.34 1500 280
12.07 1750 330
13.80 2000 380
15.53 2250 430
17.25 2500 480
18.97 2750 535
20.70 3000 610
22.43 3250 685
24.15 3500 775
25.87 3750 875
27.60 4000 995
29.33 4250 1145
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APPENDIX III (cont’d)
TABLE 3 Epoxy Resin, Sand (1:5) and Carbon Fibres 
(0.81# by vol. of mix) (Specimens 'E’)
Stress Microstrain
MN/mZ Ibf/in^
3.45 500 50
5.17 750 80
6.90 1000 110
8.63 1250 140
10.34 1500 170
12.07 1750 200
13.80 2000 230
15.53 2250 260
17.25 2500 290
18.97 2750 330
20.70 3000 355
22.43 3250 390
24.15 3500 430
25.87 3750 470
27.60 4000 525
29.33 4250 580
31.05 4500 655
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APPENDIX V Test Series 6
TABLE 1 •Epikote* 828, Sand and Gravel (1:2:4)
Stress Microstrain
MN/m^ Ibf/in^
1.93 280 37.5
2.90 420 77.5
3.86 560 122.5
4.83 700 165.0
5.79 840 215.0
6.76 980 280.0
7.72 1120 315.0
8.69 1260 352.5
9.66 1400 397.5
10.62 1540 480.0
11.58 1680 537.5
12.55 1820 590.0
13.51 1960 645.0
14.48 2100 673.5
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APPENDIX VI Test Series 7
TABLE 1 •Epikote* 828, Sand and Gravel (1:2^ :5)
Stress Microstrain
MN/mZ Ibf/in^
1.93 280 60
2^90 420 100
3.86 560 l40
4.83 700 180
7.24 1050 280
9.66 1400 380
14.48 2100 580
19.31 2800 800
24.14 3500 1000
28.96 4200 1240
38.61 5600 1?40
48.27 7000 2400
57.92 8400 Failure
: 2 : * Epikote 828, Sand and Gravel (1 
plus carbon fibres
Stress Microstrain
MN/m^ Ibf/in^
0.96 140 25
1.93 280 100
2.90 420 160
3.86 560 200
4.83 700 275
7.24 1050 425
9.66 1400 575
14.48 2100 840
19.31 2800 1160
24.14 3500 1550
28.96 4200 1975
38.61 5600 3440
48.38 6930 Failure
120
APPENDIX VII Test Series 8
TABLE 1 »Epikote* 828, Sand and Gravel 5)
plus Asbestos Fibres
Stress Microstrain
MN/m^ lbf/in2
2.90 420 65.0
3.86 560 115,0
4.83 700 170.0
7.24 1050 305.0
9.66 1400 415.5
14.48 2100 655.0
19.31 2800 875.0
24.14 3500 1135.0
28.96 4200 1390.0
33.79 4900 1700.0
38.61 5600 2105.0
43.44 6300 Failure
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APPENDIX VIII Test Series 10
TABLE 2
1 : Limestone
plus
Dust, Sand and Gravel (1: 
•Epikote * 828 (Specimen P
Stress Microstrain
MN/m^ Ibf/inZ
4.83 700 90
7.24 1050 190
9.66 1400 290
14.48 2100 480
19.31 2800 700
24.14 3500 840
28.96 4200 1055
33.79 4900 1255
38.61 5600 1500
43.44 6300 1725
48.30 7000 1955
53.13 7700 2255
57.92 8400 2675
62.75 9100 3125
89.20 12922 Failure
 : Limestone Dust, Sand and Gravel (1:2 
•Epikote* 828 (Specimen PIK)
Stress Microstrain
MN/m2 Ibf/in^
4.83 700 85.0
7.24 1050 160.0
9.66 1400 265.0
14.48 2100 425.0
19.31 2800 595.0
. 24.14 3500 770.0
28.96 4200 965.0
33.79 4900 1130.0
38.61 5600 1330.0
43.44 6300 1570.0
48.30 7000 1800.0
53.13 7700 2010.0
57.92 8400 2315.0
62.75 9100 2665.0
67.58 9800 3115.0
88.80 12880 Failure
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APPENDIX Vni (cont'd)
TABLE 3 Limestone Dust, Sand and Gravel (1:2:4) 
•Epikote* 828 (Specimen P2)
Stress Microstrain
m/v? Ibf/in^
4.83 700 105.0
7.24 1050 185.0
9.66 1400 275.0
14.48 2100 470.0
19.31 2800 640.0
24.14 3500 830^0
28.96 4200 1040.0
33.79 4900 1250.0
38.61 5600 1465.0
43.44 6300 1710.0
48.30 7000 1965.0
53.13 7700 2250.0
57.92 8400 2590.0
67.58 9800 3540.0
86.50 12544 Failure
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APPENDIX IX Test Series 11
TABLE 1 Limestone Dust, Sand and Gravel (1:2:4) 
•Epikote* 828 plus carbon fibres
Stress Microstrain
MN/mZ Ibf/in^
4.83 700 125
7.24 1050 220
9.66 1400 300
14.48 2100 480
19.31 2800 655
24.14 3500 865
28.96 4200 1060
33.79 4900 1245
38.61 5600 1470
43.44 6300 1605
48.30 7000 1960
53.13 7700 2260
57.92 8400 2545
62.75 9100 2970
67.58 9800 3460
72.41 10500 4120
91.98 13340 Failure
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